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(i) 
ABSTRACT 
Since the early 1970's the field of relativistic 
nuclear interactions has been growing rapidly. Today there 
is a wealth of data on multiparticle production and 
fragmentation of beam or target nuclei for various 
projectile-target combinations. To unearth the physics 
behind the staggering variety of reactions and data, an 
equally vast variety of models have been put forward. This 
thesis presents a study of projectile fragments emitted 
during relativistic nuclear encounters as well as the 
multiparticle production in the collisions leading to beam 
or target fragmentation. Two stacks of BR-2 emulsion 
exposed to 4. 5A GeV/c carbon-12 and silicon-28 beams have 
been used in the present experiment. To see any projectile 
dependence in the results, the data due to interactions of 
other projectiles at almost same per particle momenta have 
also been analysed. 
The present thesis has been divided into five 
chapters. The first chapter deals with a brief 
introduction to the subject and the problem under 
consideration. In the second chapter^ the experimental 
details and various models proposed to incorporate existing 
experimental results have been given. 
In the third chapter, experimental results on mean free 
paths, interaction cross-sections, multiplicity and angular 
distributions of produced particles have been presented. 
We have estimated the values of mean interaction lengths 
(iii) 
domain of the colliding nuclei. A detailed study of grey 
tracks reveal some sort of scaling, i.e. independence of 
beam mass. 
The angular distributions of target fragments, i.e. 
grey and black particles are almost independent of mass of 
the beam nuclei and no peculiarity is seen which could be 
attributed to nuclear shock waves. The angular 
distributions of shower particles show prominent peaks at 
small angles which is attributed to the projectile 
fragments having Z=l. The front (6<90°) to back (&>90°) 
ratios for these plots have been calculated. The study of 
rapidity distribution permits us to divide the t^-space 
into three different regions, viz. target fragmentation, 
projectile fragmentation and central regions. We have also 
attempted to locate central regions in the experimental 
distributions. From the study of particle density for 
different effective target (P^) and beam (i^ g) thicknesses, 
it is observed that with the increase in the participating 
volume of colliding nuclei, the particle density decreases 
in the most forward region of the lab rapidity whereas it 
increases in the central and target fragmentation regions. 
It has been concluded that the nucleus-nucleus collision 
may be interpreted as superposition of nucleon-nucleon 
collisions. Possibility of formation of final state shower 
particles through clusters has been examined. A method 
which combines techniques from the method of using the 
(iv) 
two-particle correlation functions and from rapidity-gap 
distributions is applied. This method has been used 
successfully by others to study the correlation in P-Em and 
light-ion interactions. However, we have applied it to the 
heavy-ion collision data. Small but significant departure 
from zero-correlation is observed. 
Fourth chapter is solely devoted to the study of 
projectile fragments. It is observed that the average 
multiplicity of fragments with charge Z, decreases 
with the increase in the value of Z. A mild target 
dependence for <N2> is also noticed. The projectile mass 
dependence of <N„> has been summarized by a power-law, <N„> 
for fragments with Z=l, 2 and ^3. The multiplicity 
distributions of fragments with Z=l-5 and their dependence 
on Nj^  have been investigated. Large values of the mean 
multiplicities in <N„> vs. N, plots at N , 0 is due to the A ti h 
extreme peripheral collisions. Furthermore, these plots 
for Z=1 fragments are extended upto 56 whereas for Z^2 
fragments, emission is restrained in central encounters. A 
comparative study on the emission of He-fragments in 
different channels have been made and is found in good 
agreement with the reported results. 
The beam spectator charge and the effective number of 
beam nucleons interacting with the target nuclei for each * 
event have been estimated. Analyses of these parameters 
(v) 
reveal some interesting aspects of collision dynamics. The 
projected angular distributions of multiply charged PFs 
produced in nuclear collisions have been reproduced by 
single Gaussian functions with characteristic widths <1° . 
The results have been discussed within the panorama of the 
theory of Lepore and Riddell Also, the Fermi momentum, P^ 
of beam nucleons and the nuclear temperature, kT have been 
estimated using Goldhaber's formulation. Incidentally, 
these values of P^ obtained for different projectiles, are 
in nice agreement with the corresponding values of Fermi 
momentum measured by quasi-elastic electron scattering 
experiments. Also the excitation energy, kT and average 
binding energy per nucleon are almost equal which suggest 
that only small amount of energy is transferred between the 
target and the projectile during the fragmentation 
process. 
Some results on anomalons have been given in the last 
part of chapter IV. The study of mean free paths for Z=2 
and 3 fragments as a function of distance from the origin 
of events and their dependence on N^ as well as on the 
angle of emission reveals a negative result. 
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CHAPTER - I 
INTRODUCTION 
INTRODUCTION 
1.1 Introduction 
The relativistic heavy ion collisions has opened up an 
entirely new region in the exploration of various 
cosmological and astrophysical problems, in addition to the 
physics of quarks, elementary particles and nuclei. The 
primary motivation to produce interactions of heavier and 
heavier beam nuclei at increasing energies is to obtain an 
energy density of a magnitude over a sufficiently large 
volume so that a quark-gluon plasma (QGP) approaching 
thermal equilibrium could be achieved. It is anticipated 
that direct or indirect signals of QGP formation could be 
obtained from the plasma itself (through V-rays, leptons 
pairs, etc.) as well as from hadronization (through 
fluctuations and correlations due to local instabilities, 
different pairing of quarks, etc.). Most of the experiments 
in this field follow a two-fold approach. The first being 
a systematic study of nucleus-nucleus collisions to 
understand the dynamics in terms of a "normal" interaction 
by comparing the results on nucleon-nucleon and proton-
nucleus data at the same energy. The second being an 
extensive search for "unusual" signals under extreme 
conditions of density and/or temperature, e.g. pion 
condensation, formation of quark-gluon plasma, etc. 
1.2 Historical background 
Since the discovery of nucleus in 1911, scientists 
have studied nuclei primarily under conditions during which 
the nuclear density is close to the equilibrium value, the 
excitation energy or temperature is relatively low, and in 
general the nuclei are confined close to the valley of 
stability. However, as early as in 1948 Freier et al (1,2) 
discovered Z ^ 2 component in the primary cosmic radiation 
and this provided an opportunity to perform experimental 
studies of nucleus-nucleus collisions long before high 
energy heavy ion beams became available at accelerator 
laboratories. Early studies were mainly concerned with the 
determination of fragmentation cross-sections and 
interaction mean free paths of nuclei as these data are 
required for estimating the elemental abundances of cosmic 
rays at the source and to study their interstellar propaga-
tion mechanism. The data pertinent to cosmic ray physics 
yielded some very interesting results (3-6) but nothing 
could be arrived at conclusively owing to uncertainties in 
the energies and nature of projectiles. Also, extensive 
studies of nucleus-nucleus collisions could not be pursued 
partly due to low flux of cosmic ray nuclei and partly to 
the fact that even the elementary nucleon-nucleon collision 
mechanism was not well understood and thus collisions 
between nuclei were supposed a messy affair. 
The acceleration of nuclei with A > 4 to relativistic 
energies was first proposed by Schmelzer (7) in 1954 but it 
took, many years until proton synchrotrons at Princeton and 
Berkeley were adapted to accelerate particles with an ionic 
charge to mass ratio Z/A ^ 1/2 which was achieved in 1971. 
The commissioning of heavy ion accelerators, in early 
seventies, Bevalac at Berkeley with energies upto 2. lA GeV 
and synchrophasotron at Dubna with energies upto 3.7A GeV, 
revived the interest in the study of nucleus-nucleus or 
heavy ion collisions. The improvement in accelerators' 
capability of delivering heavy nuclei at relativistic 
speeds made it possible to explore various new 
possibilities including search for some exotic phenomena 
(8-17) . 
1.3 Some features of high energy nuclear beams 
At energies 0.1 to 2 GeV per nucleon, the de Broglie 
wavelength of the nucleons of the projectile nucleus is 
shorter than the internucleon distance ( -—2 fm) inside a 
nucleus. This fact implies that the projectile nucleons 
would identify the individuality of the nucleons inside the 
target, and thus nucleons inside the target would be "seen" 
as the basic constituent targets rather than the whole 
nucleus itself. This situation is quite different from the 
nuclear collisions at energies below 10 MeV/nucleon, where 
the de Broglie wavelength of the incident projectile 
nucleons (X^5-10 fm) is comparable to the size of the 
whole nucleus. So, in the low energy domain, the whole 
target nucleus is seen as an entity by the beam, and hence 
processes in which the whole projectile and target nuclei 
are involved, for example, formation of a compound nucleus, 
etc, may occur. Therefore an analysis of A-A collisions 
with lov/ energy beams cannot provide information on the 
dynamics of N-N interactions. On the other hand, it is 
quite natural to imagine a high energy A-A collision as a 
superposition of N-N collisions, and therefore an investi-
gation of high energy A-A collisions may lead towards the 
understanding of N-N dynamics. 
The advantages of high energy beams of nuclei over the 
high energy beams such as of protons may be visualized by 
applying first order approximation that the projectile 
nuclei consist of independent nucleons. Thus, a beam 
nucleus is a cluster of nucleons inside a sphere of the 
projectile nucleus. For projectiles with mass numbers 
between 40-50, there are about.10 nucleons/(a few fm^) or 
26 2 ^10 nucleons/cm . This nucleon assembly is also sharply 
bunched in time; a few nucleons per t = (a few fm)/c 
-23 - 10 sec. The product of these two numbers yields an 
49 2 instantaneous flux of -^10 nucleons/cm /sec. 
Obviously, this cannot be achieved otherwise by 
conventional proton accelerators. The nucleus beam can, 
thus, be treated as a locally high flux nucleon beam. 
1.4 Usefulness of nuclear emulsion 
The material of nuclear emulsion and liquid of bubble 
chamber are the examples of materials which act as target 
and detector both. In this respect the role of nuclear 
emulsion is quite clear. In fact, as often proved in the 
past, owing to their continuous sensitivity, oxceptional 
spatial resolution in 3-dimensions '^l A m and 4 7^  solid 
angle coverage, emulsions have perfectly suited for many 
pioneering works that lead insight to more refined 
experiments. The role played by cosmic ray events detected 
in nuclear emulsions in triggering new ideas and method of 
analysis is very v/ell known. 
As a consequence of technological advancement, various 
shortcomings of nuclear emulsions have been eliminated. The 
hybrid experiments linking emulsion with external 
electronic devices have permitted us to select the rare or 
some times very rare events with a rejection factor down to 
-4 -5 
10 -10 and added information otherwise not available 
(through spectrometers, calorimeters, etc.) while 
preserving the high spatial accuracy and multitrack and 
multivertex discrimination. Furthermore, the sophisticated 
semi-automatic/automatic scanning and measurement apparatus 
made it feasible to overcome one of the biggest drawbacks 
encountered in the past (i.e. long analysis time) to such 
an extent that the results at present, based on large 
statistics are quite common. Finally, the rapidly growing 
utility of emulsion chambers, whilst limiting the accepted 
solid angle, permits a broad spectrum of targets to be 
chosen (upto Au, Pb, W or U), and overcomes the fact that 
nuclear emulsion is an hetrogeneous medium in which silver 
is the heaviest element. 
1.5 Present work 
The present thesis is the outcome of a modest attempt 
to investigate the various features of nucleus-nucleus 
collisions. Two nuclear emulsion stacks, one exposed to. a 
28 12 beam of 4.5A GeV/c Si ions and the other to a beam of C 
ions with same momentum per nucleon, have been used. The 
exposure and processing, etc. of the emulsions were done at 
Dubna. Although the energies and the masses of the beam 
ions used here are not so high, so as to expect to observe 
some abnormal state/phenomenon, the present investigation 
is still interesting on two counts. First is that the 
study is based on the analysis of two beams having same 
energy per nucleon but having different mass numbers and 
hence any mass number dependence of the collisions can 
easily be checked. The second being the usefulness of the 
data on the fragementation characteristics of two 
projectiles, besides the attempt being made to understand 
the collision process itself. 
2 8 
An analysis using 701 events of Si-Em and 844 
12 
interactions of C-Em at 4.5A GeV/c has been carried out 
for the present thesis. For studying the projectile mass 
dependence, the data on the interactions due to other 
projectiles at almost same per particle momenta have also 
been utilized wherever it could be possible. The thesis is 
divided into five chapters. This chapter, i.e. the first, 
deals with a brief introduction to the subject. 
In part-A of chapter II, a note on various techniques 
of the experiment which are used in different measurements 
in nuclear emulsion is given. The B-part of chapter II is 
devoted to a brief account of theoretical models proposed 
to envisage the nucleus-nucleus collision picture. 
Chapter III is devoted to experimental results and it 
consists of two parts. In the first part, the general 
characteristics of the interaction events, i.e. the mean 
free paths, reaction cross-sections, multiplicity 
distributions, mean multiplicities and intercorrelations 
have been discussed. The other part mainly deals with the 
angular characteristics of charged secondaries, 
particularly, the rapidity and rapidity gap distributions 
of relativistic charged shower particles. 
Chapter IV is solely devoted to the study of projectile 
fragments. It is also compartmentalized into two parts. 
Part-A deals with the multiplicity distributions of various 
projectile fragments and their mean multiplicities for 
different target and beam ensembles besides the studies on 
angular characteristics, total beam spectator charge and 
number of interacting beam nucleons. In Part-B the problem 
of anomalons has been addressed. 
Summary of the present work and conclusions arrived at 
are given in chapter V. 
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CHAPTER - II 
(A) EXPERIMENTAL TECHNIQUE 
(B) THEORETIC2VL MODELS OF RELATIVISTICS 
HEAVY ION COLLISIONS 
2A EXPERIMENTAL TECHNIQUE 
2A.1 Introduction 
In the present experiment, on which this thesis is 
based, nuclear emulsion has been used as detector. The 
nuclei of emulsion serve the purpose of the target as well. 
The complete picture of an event which results due to 
collision between incident and target nuclei is recorded in 
nuclear emulsion. This provides the facility of event by 
event study. One major limitation in using the nuclear 
emulsion as detector is that the identity of the target in 
a particular event remains uncertain. However, the 
composition of emulsion allows the targets to be grouped 
into a few groups only. The advantages with nuclear 
emulsion over some other visual detectors are that it is 
much cheaper and easier to handle, it gives many more 
events per unit volume, it has a unique spatial resolution, 
etc. Moreover, it is also a 4A-detector. It is suitable 
for long time cosmic ray studies in balloons, satellites 
and on the mountain tops. Recently, it has been used for 
detecting such short-lived particles like charmed mesons. 
The nuclear emulsion is a versatile detector for 
particles which produce visible tracks along the trajectory. 
The tracks of particles with different ionizing powers 
appear quite different in emulsion. Due to its unique 
spatial resolution, it could resolve events in space even 
10 
if separated by only a few microns. The nuclear emuslion 
has high density and high stopping power, about 1700 times 
the stopping power of standard air. Owing to this, various 
short lived particles could be brought to rest in emulsion, 
before they decay. The selection of emulsion may be made 
according to the requirement of the experiment. Variety of 
nuclear emulsion with different sensitivity is available in 
market as well as prepared specially in laboratories. 
Ilford G5 emulsion are so sensitive that singly charged 
particles '^l and even electrons and fission products of 
all energies could be recorded and hence may be studied. 
2A.2 Composition of nuclear emulsion 
The nuclei of nuclear emulsion may be divided into 
three groups: 
1) the nuclei of hydrogen, 
2) the nuclei of C,N,0,etc.; this is called the light group 
of nuclei and these are ingredients of the gelatine and 
3) the nuclei of heavier elements called the heavy group of 
nuclei. These are the nuclei of silver halides mainly 
the silver bromide. 
The chemical composition by weight of the emulsion can 
be summaried as 1% hydrogen (H), 16% carbon-nitrogen-oxygen 
(CNO) and 83% silver-bromide (AgBr). The percentage of 
interactions in emulsion with H, CNO or AgBr group of 
nuclei depends, however, on the energy and identity of the 
incident beam. The average composition of standard 
emulsion in terms of the number of atom N^ per c.c. and 
11 
moles per c.c. for the element of atomic number Z^ and 
atomic weight A^ are given in Table 2.1 (1). 
2A.3 Description of stacks 
In the present experiment two stacks of BR-2 emulsion 
with printed grid on air-surface, exposed to 4. 5A GeV/c 
carbon and silicon beams at synchrophasotron of Joint 
Institute of Nuclear Research (JINK), Dubna, USSR, have 
been utilized. The dimensions of the pellicles and the 
incident flux of the beam etc. are given in Table 2.2. 
2A.4 Scanning procedure and selection criteria 
The record of an interaction event in emulsion is 
called a 'star' due to its characteristic look. The 
process of searching the events or stars in nuclear 
emulsion is known as 'scanning'. Two methods of scanning 
are commonly used: area scanning and line scanning. In the 
following section the two methods alongwith the criteria 
employed are discussed. 
2A.4.1 Area scanning 
The method of area scanning should in fact be named as 
volume scanning owing to the fact that the search is made 
of the events in small volumes of the emulsion. In this 
method, scanning is usually performed in strips of width 
equal to a side of an inscribed square in the field of view 
12 
Table 2.1: The average chemical composition of standard 
emulsion. 
Element Ni (xlJ^O) 
A. 1 
Mole/c.c. 
(xlO"^) 
Ag 
Br 
I 
S 
0 
N 
C 
H 
47 
35 
53 
16 
08 
07 
06 
01 
101.01 
100.41 
00.56 
01.35 
94.97 
31.68 
138.30 
321.56 
107.88 
79.92 
126.93 
32.06 
16.00 
14.01 
12.00 
01.01 
16.764 
16.673 
00.094 
00.216 
16.050 
05.147 
22.69.8 
53.571 
Table 2.2: Details of stacks. 
13 
Stack Number Nature of Beam 
Dimension of 
Pellicles 
(cm3) 
Incident Beam 
Flux 
(xlO^Nuclei/cm^) 
Y9-1 to 40 12, 18.6x9.7x0.06 ^0.69 
160-11 to 70 17.1x9.8x0.06 ^2.36 
14 
of the microscope. The procedure to focus the emulsion-
surface and to sweep up and down towards either surfaces of 
emulsion is to roll fine focus control i.e. z-motion, of 
the microscope while observing the events successively 
coming into and going out of the view. One such elementary 
motion down/up is called a 'scanning traverse'. More than 
one traverse may be made in each strip under observation. 
The grid if divided into a number of small areas will 
improve the scanning efficiency because the whole of the 
area could be seen clearly in each traverse. The field of 
view is then shifted along the x-axis with the help of the 
x-motion of the microscope and then the same operation is 
repeated until the whole x-strip of the grid is completed. 
Thereafter, the field of view is translated to next-strip 
by displacing the y-motion of the microscope equal to one 
field of view. The volume of the emulsion scanned in this 
2 
way IS equal to nw t, where n is the number of scanning 
traverse, w is the width of the inscribed square and t is 
the thickness of the emulsion plate. This method is very 
slow, even at a magnification as low as 100, only few grids 
could be effectively scanned in a minute. 
This method is usually employed when the primaries 
enter the pellicles over a wide solid angle or when the 
required events are very dense. Also the decay events of 
some neutral particles may be searched by the area scanning 
method. One can not easily rule out the bias against small 
15 
events and also against some directions of emission of 
secondaries while performing area scanning. To overcome 
this shortcoming some correction factor has to be worked 
out. 
2A.4.2 Line scanning 
In this method the beam track is picked up near the 
starting edge of the stack and it is followed until it 
interacts or leaves the stack or reaches the point of 
interest. One by one the beam tracks are followed. In 
this way whole of the stack is scanned. The scanning 
efficiency achieved in this method is relatively more 
because the probability of missing the interaction events 
is negligible. 
Practical requirements suited for effective line 
scanning may be stated as: 
(i) beam flux should be uniform and not very large, 
(ii) beam should not be dipping so that it may traverse 
considerable length in an emulsion plate and 
(iii) length of pellicles should be considerably large. 
In the present investigation, the method of line 
scanning has been adopted to scan the stacks, JAPAN made 
NIKON (LABOPHOT and Tc-BIOPHOT) microscopes with 8 cm 
movable stage using 40X objectives and lOX eyepieces have 
been used for this purpose. The emulsion plates were 
placed on the microscope stage in such a fashion that the 
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mean direction of the beam particles is aligned along the 
x-motion of microscope stage. The beam tracks vjere picked 
up 3 grids away from the leading edge of the pellicle to 
eliminate the distortion effects. The positions of these 
beam tracks in pick up grids were noted. These tracks were 
then followed upto the point where the beam nuclei either 
interacted or it left the stack. The tracks were also 
followed back in order to make sure that the events were 
due to genuine primaries. The contribution of elastic 
scattering, i.e. one prong events with a deflection angle 
less than 3° and without a visible track from excitation or 
disintegration of the projectile and/or the target nuclei 
have been rejected. Furthermore, the interactions due to 
beam tracks making angles < 2° to the mean direction and 
events lying in the emulsion at depth > 35/jim from either 
surfaces of pellicles were included in the final statistics. 
The interaction events were examined under a total 
magnification of 10x95 using lOX eyepieces and 95X oil 
immersion objective. In order to facilitate various 
measurements, middle plates of the stack have been used so 
that beam tracks/PFs could be follov/ed upto longer 
distances. 
The scanning efficiency may be calculated by 
performing scanning works by two different observers on a 
certain sample of the area in the emulsion stack. 
Supposing that two observers A and B scan a sub—sample 
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containing n number of true events. The number n^, of 
events is observed by observer A only and n„ is the number rJ 
of stars observed by observer B only. If the common number 
of events as seen by both the observers is n^g and the 
efficiencies of observers A and B are E^ and Eg 
respectively, then 
n^ = E^. n (1 - Eg), (2.1) 
ng = Eg. n (1-E^) and (2.2) 
From the above equations we may have 
Ez. = TT-^ ' (2.4) 
Eg = iT-T^ and (2.5) 
n = • (2.6) 
AB 
In order to check the scanning efficiency, two 
different observers were employed to scan certain sample of 
area in the emulsion stacks. The number of events missed 
by either observers was found out to be very small. Thus, 
in the present experiment the scanning efficiency is nearly 
100%. 
18 
2A.5 Emulsion as detector: Track formation 
A charged particle moving through emulsion, gradually 
loses its energy owing to its electromagnetic interactions 
with the electrons of the atoms of the medium around its 
path. Consequently, the energy of the atomic electrons 
increases and they are raised to excited energy states 
which may result into ionization of the atoms. Some halide 
grains are modified due to the ionization of the atoms, in 
such a fashion that on immersing in the reducing bath 
(developer) they are turned into grains of metallic silver 
which appear to be black grains. The extended path of a 
charged particle appears as a series of grains and is 
called 'track'. The characteristics of a track such as 
ionization, range, ^-rays, etc. depend on the identity and 
energy of the particle producing it. 
2A.6 Energy loss by charged particles in passing through 
matter 
A charged particle while passing through matter may 
lose its energy through following processes. 
2A.6.1 Radiation loss (a) Bremsstrahlung 
V 
(b) Cerenkov radiation 
Bremsstrahlung is important only for low-mass particles V such as electrons and Cerenkov radiation occurs only when 
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the velocity of the particle traversing the medium is large 
in comparison with the velocity of light in the medium. 
Thus the radiation loss is hardly of any importance in our 
experiment as they do not play significant role for the 
particles with which we are concerned. 
2A.6.2 Collision loss 
A charged particle moving through matter transfers 
energy to the atomic electrons through the electromagnetic 
interaction. The electrons are thus raised to higher 
energy levels of the atoms. If the electron gets 
sufficient energy so as to leave the atom, the latter is 
ionized. If the energy acquired by the electron is not 
such as to cause the ionization, it remains in an excited 
bound state. In either case, the increased energy of the 
electron is taken from the kinetic energy of the incident 
particle. 
The rate of loss of energy per unit path length due to 
inelastic collisions of a fast charged particle with atomic 
electrons was calculated by Bohr (2), using the classical 
theory. The following expression for the energy loss per 
unit path length has been obtained by Livingston and Bethe 
(3), using quantum mechanical treatment: 
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Where Ze and v are respectively the charge and velocity of 
the particle, Z is the atomic number and N is the number of 
atoms per c.c. of the material medium, I represents the 
mean ionization potential of the atoms of the medium, m is 
the electron mass, P - v/c and Cj^  is a correction term 
required only if v is comparable with K-shell electron 
velocities of stopping material atoms but large with 
respect to those of other orbital electrons. 
The above relationship obtained for homogeneous media 
when applied to nuclear emulsion, by summing over the 
various atomic species present, may be written as: 
( - g ) = (2.8, 
mv X ) 1 
Where N^ is the density in emulsion of atoms of atomic 
number Z^ and ionization potential I^. The equation shows 
strong dependence of energy loss on charge and velocity of 
particles. Eq. 2.8 is widely used for identification of 
particles in all the visual detectors as most of the track 
parameters depend on the rate of loss of energy of the 
particle producing the track. 
2A.7 Track parameters 
A number of parameters may be assigned to a track in 
emulsion. These parameters give many information about the 
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particle producing the track. Some of the track parameters 
generally measured on a track are: 
(i) ionization, 
(ii) delta-rays, 
(iii) range, 
(iv) scattering, etc. 
Besides the above, the angle of emission of a particle with 
respect to the direction of the primary can also be 
measured. In the present experiment only some of the above 
parameters have generally been measured. The measurements 
have been done using M4000 series Cook's (England) 
microscope with 95X oil objective and lOX eyepieces. 
The measurements of angle of emission, ionization and 
delta-rays have been carried out in the present experiment. 
Therefore, details of only these measurements are discussed 
below. 
2A.8 Ionization measurement 
The ionization caused by a particle may be estimated 
by any one of the following methods: 
(i) Grain density 
(ii) Blob density 
(iii) Blob and gap method 
(iv) Integral gap length 
(v) Mean gap length 
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(vi) Delta-rays 
(vii) Track width 
VJe give hereunder a brief account of only those 
methods which have been used in the present experiment. 
2A.8.1 Grain density 
The'number of developed grains per unit path length, 
termed as the grain density, is a function of ionization 
loss of the particle and therefore depends upon its 
velocity and charge. For higher velocities of particles, 
the grains are well separated and can be easily counted. 
The grain density, g, is therefore a measure of ionization. 
But as the value of g depends upon the degree of 
development of the emulsion, the normalized grain density 
g*(= g/g^) defined by the ratio of the number of grains in 
a track per unit length to the number of grains per unit 
length of a relativistic singly charged particle, is taken 
as a suitable parameter for estimating ionization. 
2A.8.2 Blob and gap method 
VJhen velocity of the particle is small, the grains are 
frequently formed close together, and their true number 
becomes uncertain. In such cases the blob and gap method 
is used for estimating ionization. A blob is defined as a 
single grain or a cluster of grains with no gap visible 
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between them and the length of a gap is defined as the 
distance between the inside edges of two neighbouring 
blobs. The gap length should be so chosen that the number 
of blobs counted is about four times the number of gaps. 
The method is based on the observations by O'Ceallaigh 
(4) that, at least over a limited range of ionization, the 
number of gaps H(l) of lengths greater than 1 show 
exponential distribution, i.e. 
H(l) = B (2.9) 
where B is the number of gaps with 1 = 0 , which is the same 
as the number of blobs. The coefficient, g, of the 
exponential has been shown by Fowler and Perkins (5) to 
give a good measure of the ionization caused by the 
particle. They observed that the quantity g/g^r where g^ 
corresponds to the ionization of a relativistic singly 
charged particle, is independent of the degree of 
development of emulsion and may thus be taken as a good 
parameter measuring the ionization. Fowler and Perkins (5) 
suggested the following method for estimating g. 
If Hji^  and E^ represent the number of gaps of length 
exceeding and per unit length of the track, then the 
coefficient of exponent, g, can be given by: 
i "i g = T 1 In ^ . (2.10) 
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The statistical error in the ionization estimates are 
given by: 
g ^ log^ B/H 
(2.11) 
2A.9 Angular measurement 
The angle of emission of a particle is determined by 
deducing the space angle of the corresponding track with 
respect to the primary. Since a direct measurement of the 
space angle is not possible its value is deduced by 
measuring the projected and the dip angles of the track. 
Thus the space angle, 0 , is given by: 
- cos~^ (cos© . cos 0,) (2.12) o ^ O. 
where and B^ are the projected and dip angles 
respectively. 
12 
The secondary particles' tracks in C-Em interactions 
are generally well separated from each other in space, 
except for some showers and projectile fragments, which are 2 8 
emitted in the forward direction. In Si-Em events the 
shower tracks mostly lie in a narrow cone in the forward 
direction alongwith the PFs and many of these tracks do not 
go much away from the direction of the primary. Therefore, 
except for the projectile fragments and showers in the 
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forward direction, the projected angle and dip of the 
secondary tracks were measured directly by the goniometer 
and by the z-itotion of the microscope. In this method, 
measurements were made in following way. 
The beam track of the event of interest was aligned 
parallel to the x-motion of the microscope. The vertex of 
the interaction was focussed at the centre of the graticule 
of the goniometer. The beam track was set parallel to one 
of the reference line of the goniometer. The secondary 
tracks were then aligned one by one by rotating the 
goniometer. The goniometer scale readings were taken for 
the projected angle, B^, with respect to the direction of 
beam. The dip has correspondingly been measured for each 
track by moving the z-motion of the microscope, with 
respect to the dip of the star vertex. The following 
relation has been used to calculate the dip angle, 
= tan-^ ( S J ^ j 
where 1 is the projected length or length from the vertex 
to the point at which the dip has been taken and S.F. is 
the shrinkage factor of the emulsion, defined as 
S.F. = Thickness of the unprocessed emulsion Thickness of the emulsion daring the experiment ' 
(2.14) 
Knowing 9 and the space angles may be determined by 
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using Eq. 2.12. This method is commonly used for 
estimating emission angles of charged secondaries, however, 
the accuracy of the method is limited. The least count of 
the goniometer scale is 0.25° and dip measurement is 
restricted to 0.5/Jim. 
Measurement of space angle of PFs and showers of 
forward cone by goniometer may lead to a greater error. 
The angle of such tracks has been determined by another 
method known as the coordinate method. In this method the 
primary is aligned along the direction of motion of the 
stage of the microscope (x-axis). Taking the (x,y,z) 
coordinates of the vertex of the star as the 
stage is moved by a known distance and the 
coordinates of a point on a particular track are measured. 
This process may be repeated by noting down the coordinates 
' same track at some more 
points if it is necessary. 
Then the equation of the projected line in the x-y 
plane is given by: 
y^ ^ = mx^ (2.15) 
taking the interaction vertex as the origin of the 
coordinates. The value of m which gives tan (9^  is obtained 
by least squares fit. 
Also the equation of the track line in a plane 
perpendicular to the x-y plane is obtained as: 
= m'r. , 
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(2.16) 
/
2 2 
J^epresents tan The value 
m' is also obtained by least square fit. Of course, in 
these calculations ' s are corrected for the shrinkage 
factor. Thus, when besides the coordinates of the vertex 
which is taken as (0,0,0) the coordinate of only one other-
point on the track is measured then 
Q = tan"^ (2.17) P 
6_1 z 1 . S . F . q = tan { ) (2.18) 
6 is then calculated using relation 2.12. s 
since the position coordinates (x,y,z) can be meausred 
with considerable accuracy, the error in estimating Q o 
using the coordinate method is quite small. 
2A.10 Delta-rays 
When a charged particle of mass far greater than the 
electron mass, traversing a material medium encounters and 
ejects the atomic electrons, most of the ejected electrons 
are generally of low energy. But some occasional 
collisions yield electrons of a few keV or even more. These 
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electrons are energetic enough to cause secondary 
ionization. This results into a series of short tracks 
branching out from the main track. Such tracks are known 
as delta-rays. For counting the number of S "i^ ays one has 
to adopt certain criterion. Dainton et al (6) have defined 
a track to be a S-ray if it has at least four grains, 
whilst Tidman et al (7) have considered a grain configura-
tion to be a 8-ray if its projected range is at least 
1.58jLA.m, on the plane of the emulsion from the axis of the 
track. In the present experiment the convention stated by 
Dainton et al (6) for 8-ray countings has been employed. 
Correction for the background may be made by counting the 
number of 8-rays on proton tracks of less than 100 ^ m 
residual range where no S-rays are expected. The counting 
of 5 -rays is seriously affected by the emulsion 
sensitivity and size of the grains. Thus, the §-ray 
density observed depends on the resolution and sensitivity 
of the emulsion. 
The number of single encounters in nuclear emulsion, 
in which the energy transferred to electrons is greater 
than a value v^, is approximately given by 
2 
n - 2.78-10"^ ^2 ^^ " E ^ ^ ^^^ ' (2.19) 
P t max 
where E is the maximum possible energy that may be max 
transferred by a particle of velocity p . Thus, if tt^  is 
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assumed to be equal to the minimum energy required for an 
electron to produce a recognisable g-ray track, n will be 
the 6-ray density per 100 ^ m . Therefore, the 8-ray 
density depends on the value of t^  and hence one must adopt 
certain criterion for counting ^-rays. The S-ray density 
from equation 2.19 may be written as: 
n = KZ^fCp), (2.20) 
where K is a constant and Z is the charge of the particle 
in units of electron charge. The expression 2.20 for the 
particles of same velocities but having different charges 
Z, becomes simply 
n^ ^ Constant.Z^ (2.21) 
The above expression suggests that if the value of the 
constant is determined empirically for a relativistic 
particle of known charge, the charge of other relativistic 
particles could be estimated with great accuracy. Another 
quantity termed as the integral number of S-rays which is 
defined as the total number of S-rays on a track over the 
velocity interval 0 to ]3c, is given by 
R 
dR (2.22) 
0 
where R is the range of the particle having velocity ^c and 
the quantity N^ is known as integral number of S~-cays. 
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2A.11 Charge estimation of projectile fragments 
The projectile fragments emitted from the collisions 
may have charges ranging from 1 to Z^, where Z^ is charge 
of the beam projectile. 
In the present experiment the charge estimation has 
been carried out using mainly the 6 -ray density. However, 
occasionally ionization measurements have also been made. 
All the projectile fragments with Z>2 are expected to 
appear in the forward cone of the star with almost same 
momentum per nucleon as that of the incident beam. 
Therefore, all grey/black looking tracks lying within a 
narrow cone of 4° and traversing more than 2 mm in the 
stack were selected for identification of charges. By 
measuring the grain densities of tracks, projectile 
fragments could be easily separated tentatively into two 
groups viz. Z = 2 fragments and Z>2 fragments. The Z = 2 
fragments are easily identified by their grain densities 
which are four times the density of a minimum ionizing 
track and do not change upto a distance of 2 cm from the 
vertex of the event. The above criterion is confirmed by 
4 ionization measurements on He tracks produced in diffrac-
12 
tive dissociation of C. The fragments with Z>2 have been 
identified as Li, Be, B, fragments by S-ray countings 
along the tracks. Fig. 2.1(a) shows the frequency 
distribution of the S-rays density measured on the tracks 
of fragments. It is observed that the more tracks are 
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Fig. 2.1: The frequency distributions of 8-ray density 
of projectile fragments emitted in (a) C-Em 
2 8 and (b) Si-Em events. 
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peaked around certain values of S-ray density. The ^-ray 
densities around which the peaks lie have been assigned to 
fragments of He, Li, Be, B etc. It is observed that 
2 
these charge assignments agree well with the expected Z 
behaviour of 6'-ray densities (Fig. 2.2). 
However, this counter check to the assigned value of 
<5-ray densities for different Z could be restricted only to 
carbon stack and the histogramming method has been used 
28 with Si exposed stack. A graph between -ray density and 
2 4 12 Z has been obtained for He and C ions (Fig. 2.2). The 
assigned values of 8-ray density for various Z values lie 
well on this line. 
4 6 
For the calibration, tracks of He and Li produced 
when carbon nuclei dissociated into either three helium 
fragments (^^C >• 3^He) or into lithium fragments 12 6 
( C y 2 Li) and those of beam itself have been used. 
Number of S-rays have been counted on the distinguishable 
tracks of lithium and helium fragments. For this fragments 
countings are made over 1 cm near the interaction vertex 
and also at 2 cm from the vertex. Similarly 8"-fay countings 
are done on the tracks of primary beam nuclei over a 
distance of 1 cm at various positions and in different 
pellicles. 
The difficulty arises while applying the calibration 
28 method to the Si-Em interactions because the probability 
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of finding events in which projectile silicon nuclei break 
28 4 up only into helium fragments ( Si 7 He) and/or other 
distinguishable fragments is very less. Hence charges of 
the fragments have been determined by histogramming method. 
In this method frequency distribution of the S-ray density 
measured on the tracks of each fragments have been plotted 
(Fig. 2.1(b)) and clear peaks occurring have been associated 
with different charges of the fragments. 
The charge spectrum of PFs obtained by these methods 
are accurate within 1-2 charge units. However, there was 
some ambiguity present in charge measurements which has 
been cleared up by counting 8-rays at one more cm away from 
the vertex of the stars. 
2A.12 Classification of tracks 
The tracks produced by the particles emitted in the 
interactions are classified into black, grey and shower 
according to their specific ionization. In nucleus-nucleus 
collisions a group of particles emitted within a narrow 
cone around the beam direction having the same momentum per 
nucleon as the beam particles are called the projectile 
fragments (PFs). The criteria adopted for classifying 
various secondaries are discussed in following sections. 
2A.12.1 Black tracks 
The black tracks are the tracks produced by particles 
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* 
having specific ionization g >10. This corresponds to 
protons of relative velocity ^<0.3 and range in emulsion 
R<3.0 mm. The number of black tracks in a disintegration 
is denoted by N^ .^ The particles producing black tracks are 
mainly the fragments emitted from the excited tairget. 
Those are mostly protons with a small admixture of light 
fragments. They have energy and angular distributions 
typical of evaporation process. 
2A.12-2 Grey tracks 
The tracks with 1.4<:g*-^ 10 are called the grey tracks. 
This corresponds to protons with velocity in the interval 
0.3.^ :^ 5^ 0.7 and range .0 mm in emulsion. The number of 
grey tracks in a star is denoted by N . Grey tracks are 
associated with the recoiling protons and are supposed to 
give a measure of effective target thickness, 
2A.12.3 Heavily ionizing tracks 
The grey and black tracks taken together are termed as 
heavily ionizing tracks. Thus these tracks corresponds to 
g*>1.4. Their number in a star is denoted by Nj^ , thus 
N, = N,+N_.N, is a characteristic of the size of the h b g h 
target. 
In order to correct for any possible loss of the very 
dipping tracks in the experiment, only those heavily 
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ionizing particles have been considered for average 
multiplicity calculations which are having 6^<30° and a 
geometrical correction factor K has been attached to each 
heavily ionizing particle with 6^00° such that 
K = 1, when 150°<: e,<j:30° (2.23) O 
otherwise, 
K = — (2.24) 
2 sin (sin 30°/sin 6 ) s 
where is the space angle of the track, •D 
2A.12.4 Shower tracks 
The tracks having g*<1.4 are taken as shower tracks 
( ^ >0.7). The number of such tracks in an event is 
represented by N . Shower track producing particles are s 
mostly 7^ — - mesons with small admixture of charged K-mesons 
and fast protons. 
2A.12.5 Projectile fragments 
In a peripheral collision only a part of the 
projectile nucleus is directly involved in the collision. 
Therefore, the projectile' nucleus breaks up into singly 
charged fragments, neutral particles and also into multiply 
charged fragments. During data analysis these fragments 
have also been grouped into doubly and multiply charged 
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fragments based on the following criteria: 
(a) Doubly charged PFs (Z=2): The particles having 4 
with no change in ionization along a length of at least 
2 cm from the interaction vertex and having an angle of 
emission 6 <4°. 
(b) Multiply charged PFs (Z^3): The particles with g*>6, 
Q<4° and without any change in ionization along a 
length of at least 1 cm from the vertex have been put 
under the category of multiply charged PFs (Z:^ 3). 
The charge estimation of PFs has been done by ioniza-
tion measurements and by S-ray countings. It is not 
possible to separate fragments of charge z=l by these methods 
However, their number has been estimated using the method 
given by Chernov et al (8) and discussed in section 3A.4.3. 
2A.13 Target identification 
The exact identification of targets in emulsion 
experiments is not possible since the medium is composed of 
H,C,lSl,0,Ag and Br nuclei. The events produced due to the 
collisions with different targets in nuclear emulsion are 
usually classified into three main categories on the basis 
of the multiplicity of heavily ionizing tracks in it. Thus 
the events with N^^l, and Nj^ S^ are classified as 
collisions with hydrogen = 1), group of light nuclei 
(CNo, <A^> = 14) and group of heavy nuclei (AgBr, <A^>= 94) 
38 
respectively. 
However, the grouping of events due to interaction 
with light or heavy group of nuclei only on the basis of 
Nj^  value does not lead to right percentage of events of 
interactions due to light and heavy group of nuclei. 
Infact, a considerable fraction of stars with are due 
to interaction with heavy group of nuclei. We therefore 
have used the criterion based on work reported by 
Barashenkov et al (9) and Jacobsson and Kullburg (10). The 
criterion used by us is as follows: 
AgBr events : 
(i) or 
(ii) and at least one track with range R^IO jam 
and no track with 10<R^50 ^ m . 
CNO events : 
(i) and no track with R<:10 jam. 
H events : 
(i) N^ = 0, or 
(ii) Nj^  = 1 and no track with R<:50 /^m. 
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2B THEORETICAL MODELS OF REll^TIVISTIC HEAVY ION COLLISIONS 
2B.1 Introduction 
The study 5f. nucleus-nucleus collisions involves two 
important features: the collision geometry and the dynamics 
of the development leading to the final state. The 
geometry of the collision in relativistic heavy ion studies 
is visualized in terms of the impact parameter. On the 
basis of impact parameter, the heavy ion collisions are 
categorised into three groups viz. peripheral, quasi-
central and central collisions corresponding to large, 
medium and small values of impact parameter respectively 
(Fig. 2.3). 
Thus if R^ and R2 be the radii of the projectile/beam 
and target nuclei respectively and b be the impact parameter 
then the above grouping is defined in terms of b as follows 
(i) the collisions with b ci (R^+R^) are termed as 
peripheral collisions, 
(ii) the collisions having (Rj^+R2)>b> jR^-R^j define the 
quasi-central and 
(iii) those with 0^b< jR^-R2| are called the central 
collisions. 
In the peripheral collisions the colliding nuclei are 
well separated in their centres which permits only a small 
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Fig. 2.3: A schematic illustration of 
collision geometry as well as 
pseudorapidity plots in 
nucleus-nucleus encounters at 
high energy. 
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fraction of momentum transfer between the nuclei. This 
results into the break up of either nuclei. The character-
istics of the emitted fragments are governed by the 
intrinsic Fermi momentum distribution of nucleons within 
fragmenting nuclei (11). The projectile fragments are 
emitted within a narrow cone around the beam direction, 
while the target fragments are distributed almost 
isotropically in laboratory frame. The projectile and 
target fragmentation regions are well separated in rapidity 
space at relativistic energies which is depicted in 
Fig. 2.3(a). 
In quasi-central collisions, the projectile and target 
nuclei are close to each other while in central collisions, 
these two regions merge into each other. However, the 
distinction between the two types of collisions can be made 
on the basis of number of participating nucleons. In both 
the cases, the whole kinematically allowed rapidity space 
is available for multiparticle production, the only 
difference is the degree of population of the central 
region. The central collisions are more violent and 
complex in nature. One may etxpect almost complete 
extinction of projectile fragments and the available 
rapidity space for produced particles is limited by the two 
fragmentation regions as shown in Fig. 2.3(b and c). This 
description of the collision is named as participant-
spectator picture of the collisions. 
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We now discuss below the various theoretical proposals 
with regard to the dynamics of the multiparticle production 
in these collisions. 
Various models of multiparticle production in hadron-
hadron collisions alongwith their projections to include 
the hadron-nucleus collisions have been further extended to 
describe the reltivistic nucleus-nucleus interactions. 
Thus many theoretical models (12-38) have been proposed 
from time to time to account the relativistic 
nucleus-nucleus collisions. However, none of these models 
provides very clear quantitative predictions which may 
distinguish it from the rest. Additionally, some 
specialized and computer code models (39-41) have also been 
put forward dealing with the specific aspects of the 
collision problem, such as projectile fragmentation, 
correlation among produced secondaries, their energy and 
angular distributions, clustering, relative frequencies and 
cross-sections of various types of emitted particles, etc. 
Therefore, it seems not possible to discuss all or even a 
large part of the models and so the main features of only 
some of these models is discussed here. 
2B.2 Thermal models 
2B-2.1 Nuclear fireball model 
The thermal or the nuclear fireball model (12-18) is 
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perhaps the most simple and also one of the first models 
which yields a reasonable agreement with experimental data. 
It is a macroscopic model in which a collision between two 
relativistic heavy ions is described by a two step process. 
-23 
In a fast (10 s) primary stage, both the projectile and 
target nuclei sweep out clean cylindrical cuts through each 
other. For a given impact parameter there is an overlap 
between the target and projectile. These overlap regions 
(participant nucleons) form a quasi-equilibrated "fireball". 
After collision, the overlapping domains of target and 
projectile fuse together and come to a rest in the centre 
of mass (c.m.) of the fireball. Thus, the available 
kinetic energy in the initial channel is utilized for 
creating thermal motion in the final channel. The energy 
density in the fireball is extremely high and it may be 
assumed to be an ideal, relativistic, nonrotating gas. 
Particles are then emitted isotropically in the rest frame 
of the fireball. Since the c.m. of the fireball is moving 
in the laboratory, the inclusive spectra measured in 
laboratory, mostly will be anisotropic. In the second 
comparatively slower stage, the "spectator" remanants of 
the target and projectile decay due to excitation induced 
by various processes, e.g. dissipation of compressional 
energy, reabsorption of pions, etc. However, this model 
does not concern with the spectator remanants, but rather 
with the decay of the fireball itself. Fig. 2.4(a) 
(Q ) Nuctear F i r e b a l l Model 
Pl 
(b) Nuclear F i r e s t r e a k Model 
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y ^ P c m ( b ) 
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Fig. 2.4: Schematic illustrations showing nucleus-nucleus 
collisions according to the thermal model: (a) 
nuclear fireball model and (b) nuclear fire streak 
model. 
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illustrates the nucleus-nucleus collision within the 
panorama of fireball model. 
The chief merits of this model are its simplicity and 
non-involvement of adjustable parameters. It is observed 
that it reproduces the experimental data on average proton 
multiplicity, proton inclusive energy spectrum and angular 
distribution at low energies, i.e. upto 400 MeV but gives 
overestimates in higher energy ranges and also for lower 
impact parameters (17,18). Deviations of tho model 
predictions with the experimental results have been 
reported by various workers (19,20). 
2B.2.2 Nuclear firestreak model 
The nuclear firestreak model (12,14,20,21) is an 
extension of the fireball model where the projectile and 
target nuclei are viewed as infinitesimal streaks parallel 
to the beam axis. The reaction proceeds by the collision 
of projectile and target streaks and each collision yields 
a small fireball which is characterized by a c.m. velocity, 
mass and temperature, all of which depend on the amount of 
matter contributed by the projectile streak. The kinematic 
relation used to describe the collision of two streaks are 
similar to those used in fireball model. The firestreak 
model assumes a diffused nuclear surface instead of a 
drastic sharp sphere and clean-cut geometry of the 
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fireball. This allows for the production of light 
composite fragments as well. Fig. 2.4(b) gives the 
schematic illustration showing a nuclcus-nuclcus collision 
according to the firestreak model. 
2B.3 HydrodYnamical models 
Another class of macroscopic models which have been 
proposed to describe nucleus-nucleus collisions are 
hydrodynamical models (22,23). These models are also known 
as relativistic nuclear fluid dynamics models and are based 
on the assumption that the mean free path for interaction 
is much less than the size of the system. Since the 
transparency of the nuclei decreases with decreasing 
energy, these models should therefore work satisfactorily 
at relatively low incident energies. The relativistic 
nuclear fluid dynamics models are described as one-, two-
and three-fluid dynamics models. In the one-fluid dynamics 
model, the target and projectile nuclei collide and merge 
instantaneously reaching to an equilibrium as a drop of 
nuclear fluid. The subsequent space-time evolution of the 
drop of nuclear fluid is governed by standard laws of 
hydrodynamics. 
The validity of the one-fluid dynamics model is 
restricted to following constraints: 
(i) the system (defined by the two colliding nuclei) 
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should have a large number of degrees of freedom, 
(ii) the collision time shoulc be sufficiently large so as 
to yield local equilibrium and 
(iii) either the incident energy should be low or the 
strength of interaction between two nuclei should be 
large. 
The first requirement is normally satisfied in central 
collisions. The second condition is marginally satisfied. 
The third assumption is to ensure the formation of a single 
fluid by instantaneous coalition of two nuclei. At 
relativistic energies the collision time is approximately 
-23 5x10 s. Since two adjacent nucleons may exchange a pion 
-24 
in about one-tenth time ^ 5x10 s, it is reasonable to 
assume that some degree of local equilibrium may be 
achieved. ' The third assumption is valid for moderate 
energy range (^0.5A GeV) which is not satisfied in central 
collisions at high energies { 2 A GeV) because both the 
nuclei become somewhat transparant to each other (23). The 
nuclear one-fluid model is therefore not suitable for 
describing the central collisions between two heavy nuclei 
at high energies, the relativistic nuclear two-fluid 
dynamics model has been developed for such situations. 
In the two-fluid model (24), the reaction is described 
as the collision between two distinct fluid droplets 
originally filled with cold nucleon gas. It is assumed 
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that due to the finite mean free path the two nuclei may 
interpenetrate while retaining their identity. The degree 
of penetration is specified by the geometry. Subsequently, 
the expansion and cooling of overlap region are supposed to 
be almost instantaneous. The two-fluid model is quite 
similar to the one-fluid model. The main difference is 
that the calculations are made for separate target and 
projectile nuclear fluids. At high relative velocity, the 
projectile and target fluids deposit only a small fraction 
of their energy and momentum within each other, whereas at 
low relative velocity, the fluids merge and the picture of 
one-fluid model is recovered. For the validity of the 
two-fluid model, besides the first two conditions of the 
one-fluid model, the relative velocity of the two-fluids 
must be large as compared to the Fermi velocity (^^0.270) 
of nucleons within them. If this condition is not 
satisfied, the interaction strength of the two fluids will 
be underestimated. It is also assumed that the strength of 
the coupling is not influenced by the excitation of either 
fluids, i.e. the scattering of excited nucleons is treated 
as the scattering of ordinary nucleons. The two fluid 
model does not explicitly take into account the production 
of pions or light fragments even though the pion production 
becomes more important at higher incident energies. 
A three-fluid model (25,26) visualizes the formation 
of a third fluid; a hot dense fire-cloud, resulting from 
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the intranucleonic collisions in the overlap region of the 
colliding nuclei. This component consists of scattered 
nucleons, produced /^-resonances, -and /-mesons, etc. 
The three-fluids interact mutually by the particle 
collisions. Once again the interpenetration of the 
colliding nuclei is specified by geometry whereas the 
transmutation of cold fluids into hot one, the 
multiparticle production and various decay processes within 
the hot component are governed by hydrodynamical 
equations. 
A simple description of space-time evolution of 
nuclear collisions is given by Landau's hydrodynamical 
model (26) in which the collision between two nuclei is 
studied in the centre-of-mass frame. The two nuclei appear 
in this frame as two Lorentz. contracted pancakes flying 
towards one another at near the velocity of light 
(Fig. 2.5(a)). The thickness of the two colliding nuclei 
is 
R 
A X = , (2.25) 
where 'Y (-E /2M) is the energy per nucleon of each nucleus cm 
and Rj^  is the rest frame nuclear radius. During the 
collisions, the two nuclei stick together and produce a 
distribution of hot hadronic matter with thickness A X m 
2 A x (Fig. 2.5(b)). Afterwards, this matter undergoes 
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AX = r AX = 
( a ) 
Rj^ 
Y 
AX = 
2Rn 
r 
(b) (c) 
Trajectory 
Initial Nucleus 
Pfodu ctio n 
WhereNuclei Stick Together 
Trajectory Of 
Initial Nucleus 
Fig. 2.5: A schematic outline of space-time evolution of 
a nuclear collision according to the simplest 
version of Landau's hydrodynamical model (a) 
the two colliding nuclei approaching one 
another in c.m. frame, (b) the two nuclei 
sticking together just after a collision, (c) 
the expansion of hot hadronic matter; the 
arrows indicate the outward flow of matter and 
(d) a light cone diagram of a nuclear collision 
according to the model. 
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hydrodynamical expansion according to Landau's equations 
(Fig. 2.5(c)). The outward flow of matter is mainly along 
the axis of the beam nuclei, and most of the particle 
production takes place during the initial collision when 
two nuclei stick together. The collision and subsequently 
its expansion may be represented by the light cone diagram 
of Fig. 2.5(d). 
The energy density yielded in this type of model is 
where "Cj^^^  is the energy density of nuclear matter. The 
achieved energy density increases linearly with centre-of-
mass energy, e.g. for GeV, £>15 The matter 
density inside a proton is 
£r, - T ^ ^ 450 MeV/fm^ , (2.27) ir ^-jr J 3Arp 
where rp is the r.m.s. radius of proton. Since Ep is only 
a few times the energy density of nuclear matter, a quark-
gluon plasma (QGP) may be formed at energy densities 
£>15 In explaining many observed features of 
conventional hadronic interaction, this conceptually simple 
and attractive version of Landau's model shows inability. 
For example, the leading particle effect in hadron-hadron 
interactions suggest that two hadrons have least 
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probability to stick together and then bounce off one 
another in high energy interactions. Generally, the 
hadrons apparently go through one another. This 
transparency is drastic in high energy hadron-nucleus 
collisions and projectile hadron may pass through many mean 
free paths of the target nucleus. The distribution of the 
scattered projectile and inelastically produced particles 
with momenta close to that of the projectile is 
nevertheless very similar to that of hadron-hadron 
interactions. The hadron projectile behaves almost as if 
it passed through the target nucleus and only once 
scattered. Another discrepancy in this model arises due to 
the approximate scaling. The experimentally observed 
approximate scaling gives the total multiplicity as some 
power of the logarithm of the centre-of-iuass energy rather 
than the predicted one where the multiplicity is 
proportional to a power of the centre-of-mass energy. 
2B.4 Cascade models 
The cascade type models (27) are microscopic models. 
In its extension to nucleus-nucleus collisions these models 
visualize the two colliding nuclei as two gas clouds. Each 
of the nuclei in its own reference frame is assumed to be a 
cold Fermi gas of nucleons in a potential well. The 
dynamics of the interaction is followed in time with the 
help of the Monte-Carlo method, using the differential 
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nucleon-nucleon scattering cross-section as input data. A 
collision partner with random physical properties may be 
chosen from Fermi distribution and after the collision its 
result is again determined 'randomly'. Both partners are 
assumed as cascade particles and allowed to interact 
further. The Fermi distribution is depleted accordingly. 
The interactions are assumed binary and point like. 
The basic difference between the cascade models and 
the thermal models is that here no equation of state is 
assumed. The nuclear collision is considered solely from a 
microscopic point of view. That is the collision of the 
two nuclei is nothing but a superposition of individual 
binary-interactions. The history of each particle is 
traced by Monte-Carlo technique with the probability of 
scattering as another particle determined by free particle 
cross-sections. Between collisions the particles have 
straight line trajectories. All phase correlations between 
nucleons are neglected. It should be pointed out here that 
Monte-Carlo simulations based on cascade model are 
sometimes, so numerous that often it is not easy to 
differentiate between the real physical effects and the 
consequences of numerical procedure. 
2B.5 Row-on-row or linear cascade model 
The row-on-row model (28) is a subset of the cascade 
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model which reduces the full three-dimensional cascade 
problem to one-dimension by assuming that one row of 
projectile nucleons scatters off only one row of nucleons 
in the target. This approximation becomes more plausible 
at higher energies because there the N-N cross-sections are 
more forwardly peaked. This type of model may not be so 
valid as compared to a full scale cascade calculation. 
However, its main virtue is that the complexity of the 
computer code is relatively reduced. In this model the 
projectile and target are divided into rows and the 
collisions between rows only along the straight lino are 
considered. The key idea is to follow the linear cascade 
of each projectile nucleon separately which may be 
simulated through less expensive computer codes. 
2B.6 Additive quark model 
In this model (29) the inelastic nucleon-nucleon 
interaction starts by exchange of a coloured object (gluon 
or a system of gluons) between one (constituent) quark from 
the projectile and one (constituent) quark of the target. 
In the next step an intermediate state is formed: a 
coloured string (29) develops between the two "wounded 
quarks". Afterwards, the string fragments into hadrons, 
giving rise to particle production in the central region. 
Fragmentation of forward and back moving, in the c.m. 
system, spectator quarks populate mostly the two 
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fragmentation regions. This is illustrated schematically 
in Fiy. 2.6. In its extension to nucleon-nucleus 
collisions (30-32), one takes into account the possibility 
that more than one quark of the projectile gets wounded 
i.e. interacts (exchanges colour) inside the target 
nucleus. Thus in a nucleon-nucleus collision the number of 
wounded quarks, w, may be taken as This gives the 
number of spectators of the projectile, s=3-w and the 
number of spectator quarks in the target nucleus equal to 
2 where "X) is the number of collisions suffered by the 
incident nucleon inside the nucleus. It is assumed that 
only one coloured string is attached (as is seen in 
Fig. 2.7) with each wounded quarks in the projectile, thus 
w represents the number of strings between the projectile 
and the target. 
The average number of wounded quarks of the projectile 
may be given by 
where CT is the quark-nucleus non-diffractive cross-q«. 
section. Taking (T = where (T is the nucleon-yp PP PP 
nucleon non-diffractive cross-section, we get for the 
particle density in the central region, where only the 
coloured strings contribute: 
R w . (2.29) 
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Spectator 
Quark Coloured String 
Fig. 2.6: Illustration of nucleon-nucleon 
inelastic collision in additive 
quark model with the help of 
rapidity plot. 
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Fig. 2.7: (a) Nucleon-nucleon, (b) 
nucleon-nucleus and (c) 
nucleus-nucleus inelastic 
collisions within panorama of 
additive quark model. 
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In the projectile fragmentation xogion 
R - s/2 . (2-30) 
This number is smaller than 1. In the target fragmentation 
R = y . (2.31) 
The generalization of this picture to nucleus-nucleus 
collision (29,30,33) goes along the same line (Fig. 2.7(c)), 
and the only problem is to determine the number of wounded 
and spectator quarks in the projectile and target as well 
as the number of coloured strings between them. The number 
of wounded quarks in A is given by (29,30) 
"A = '2.32) 
where CJ^ g'^  is non-diffractive A-B cross-section. Similarly, 
the number of wounded quarks in B may be given by 
The number of spectators is 
s^ = 3N^ - w^ , (2.34) 
where N^ is the number of wounded nucleons (34) in A: 
^A = ^ ^ B / ^ B • ^2.35) 
A more involved argument finally gives for the number 
of strings (30). 
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- (Tf^ (2.35) AB qA qB' qq AB 
and the prediction of the model for the central region 
In the fragmentation regions which are dominated by 
spectators, particle production is expected to be 
determined by s^ except for number of nucleons which is 
probably dominated by N^. 
2B.7 Dual-parton model 
Another model of nucleon-nucleon collision based on 
the quark-parton picture of nucleon is the dual-pacton 
model developed by Capella et al (35,36). In this model it 
is assumed that an exchange of colour is the first step in 
the inelastic hadron collision. However, the intermediate 
state assumed to be formed in this model is different from 
the additive quark model (The situation is illustrated 
schematically in Fig. 2.8). Instead of one coloured 
string, two chains are formed for every exchange of colour. 
For nucleus-nucleus collisions the chain-counting is 
quite complicated. For central region the model gives 
^AB " ^^A + "^ B^ /^  ' (2.38) 
where N^ and N^ are the average numbers of wounded nucleons 
in A and B, respectively. 
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Fig. 2.8: (a) Nucleon-nucleon and (b) 
nucleon-nucleus collisions in 
the dual parton model. 
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Siraiarly, neglecting any cascading of the secondaries 
it gives 
(2.39) 
in right-moving hemisphere and 
(2.40) 
in the left-moving hemisphere> 
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3A GENERAL CHARACTERISTICS OF INTERACTION EVENTS 
3A.1 Introduction 
The accumulation of various types of data on heavy ion 
interactions is of great importance. As in collisions of 
hadrons with nucleons and nuclei, a large part of the total 
cross-section for nucleus-nucleus interactions at high 
energies is due to multiple production of particles. The 
study of inelastic collisions of relativistic nuclei may 
help in refining some phenomenological and theoretical 
concepts on multi-particle production in hadron-hadron and 
hadron-nucleus interactions. Additionally, one may pool 
information about the behaviour of nucleons interacting 
coherently. Keeping these things in mind an extensive 
analysis of new data on heavy ion interactions has been 
carried out. First part of this chapter deals with some 
general characteristics of the interaction events such as 
mean interaction lengths, reaction cross-sections, average 
multiplicities, multiplicity distributions, intercorrela-
tions, etc. and second part covers an extensive analysis of 
angular characteristics of various tracks produced during 
the collision. To see any projectile dependent behaviour, 
the results from interactions of several projectiles having 
the same per particle momenta have been compared. 
3A.2 Mean interaction lengths 
A total of 2469 and 1945 inelastic interactions of 
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silicon and carbon ions with emulsion nuclei were picked 
up by following 237.76 and 267.99 m of primary track 
lengths, leading to the mean free paths X=(9.63+0.24) and 
2 8 12 
(13.78+0.27) cm respectively for Si and C nuclei in 
emulsion. The theoretical values of the mean free path 
calculated by using the formula of Bradt-Peters (1) are 
9.77 and 13.87 cm respectively and it is in good agreement 
with the experimental values. A variation of 1/X with 
2/3 for present data and some other results (2-9) is shown D 
in Fig. 3.1, where is the projectile/beam mass number. D 
The linear fit, using the method of least squares, with 
'X?/DOF (=0.0032) is given by 
l A = (0.0082+0.0004)Ay^ + (0.0269 + 0.0032). (3.1) 
— D — 
The agreement of the present data and others (2-9) clearly 
indicates that the calculations carried out according to 
simple geometrical models (1,10) are in satisfactory 
agreement with the experimental cross-sections. 
3A-3 Interaction with different targets 
In Table 3.1, the percentage of occurrence of 
interactions due to silicon, carbon, alpha (11) and proton 
(2) beams with different targets (H,CNO and AgBr nuclei) 
are listed. We have also calculated the percentage of 
interactions (or reaction cross-sections) for silicon as 
well as carbon beam nuclei with different target groups 
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^ 0.08h 
2/3 
A. B 
Fig. 3.1: The inverse of mean free path 
(1/X) plotted against the 
projectile mass number (Ai/3). D 
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Table 3.1: Percentage of occurrence of interactions with 
various groups of target nuclei in emulsion at 
4.5A GeV/c. 
Projectile 
H 
Target 
CNO AyBr 
Reference 
15.98 
16.24 
31.95 
30.55 
52.06 
53.21 
Exp. 
Theo.+ Present work 
12, 10.78 
12.07 
27.85 
29.13 
61.37 
58.74 
Exp. 
Theo.+ Present work 
P* 
21.03 40.42 38.55 
23.60 38.70 37.81 
11 
2 
* The values are taken from the reported results where the 
classificiation is based on only N,-multiplicity in an 
event. 
+ The values are calculated using Bradt and Peters' 
equation (1). 
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using geometrical concepts of the collision (Bradt and 
Peters' equation (1)). These values are listed in Table 
3.1. From the table one may notice that reaction 
cross-sections or percentage of interactions with various 
groups of targets depend slightly on the mass of the 
projectile and also these values compare well with the 
28 12 
corresponding calculated values for Si and C beam 
nuclei. 
3A.4 Multiplicity distributions of various types of tracks 
3A.4.1 Heavily ionizing tracks 
The mean multiplicities of black and grey tracks as obtained in 
28 12 the present work for Si-Em and C-Em collisions 
alongwith the results obtained by other investigators on 
^^Fe-Em (12) and ^'^N-Em (13) events at 2.1A GeV/c as well 
as on oC-Em (11) and P-Em (2) interactions at 4.5A GeV/c 
incident momenta are listed in Table 3.2. From this table 
we may notice that whereas the dependence of <Ng> on 
projectile is strong, that of is not appreciable. The 
increase in with increasing projectile mass may be 
understood in terms of participant— spectator picture of 
collision if we assume that the particles producing grey 
tracks come from the participant domain. The number of 
participant nucleons increases as the overlap volume of the 
target and the projectile increases. This volume is large 
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Table 3.2: Mean multiplicities of various tracks produced in 
nuclear collisions at high energies. 
< V <N > <N > Reference Interaction d g s 
^^Fc-Em 4.40+0.38 9.10+1.10 14.07+1.08 12 
(2.1A GeV/c) 
? R Si-Em 5.26+0.09 6.33+0.10 13.97+0.14 Present work 
(4.5A GeV/c) 
^"^N-Em 4.57+0.21 5.29 + 0.31 8.85 + 0.28 13 
(2.1A GeV/c) 
^^C-Em 4.51+0.10 5.75+0.11 7.27+0.12 Present work 
(4.5A GeV/c) 
oC-Em 4.70+0.20 4.70+0.20 3.90+0.10 11 
(4.5A GeV/c) 
P-Em 3.77+0.08 2.81+0.06 1.63+0.02 2 
(4.5 GeV/c) 
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for heavier beam nuclei resulting in larger value of <Ng>. 
Fig. 3.2 shows the dependence of <Ng> on the mass of the 
y 
projectile. A power-law of the form <Ng>=const. A^, where 
is mass of projectile describes the data well. The best 
fit to the data gives following expression: 
<N > = . (3.2) g - B 
Similar dependence is observed by Khan et al (14) and they 
have reported the value of Y =(0.34+0.11) which is slightly 
more than the above value. 
Multiplicity distributions of grey, black and heavy 
tracks for ^®Si-Em, ^^C-Em, oC-Em (11) and P-Em (2) 
interactions at 4.5A GeV/c are shown in Figs. 3.3-3.5. It 
may be seen from these figures that the distributions are 
essentially similar. However, it is noticed from these 
figures that the percentage of events with lower values of 
Ng, Nj^  or Nj^  decreases with increase in projectile mass or 
conversely the percentage of events with large values to 
these parameters increases with the projectile mass. To 
study these distributions further, we have compared the 
distributions of heavily ionizing tracks produced in 
nucleus-nucleus (A-A) and proton-nucleus (P-A) interactions 
at same per particle momenta by studying difference 
distributions of the following kind: 
AP(N^) = , (3.3) 
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where x stands for grey, black and heavy tracks. The 
difference distributions of grey, black and heavy tracks 
for ^^C and d> (11) data have been depicted in 
Figs. 3.6-3.8 respectively. Similar trend is observed for 
each distribution, i.e. the events with low multiplicities 
of Ng, Nj^  or N^ are less probable in nucleus-nucleus 
collisions with respect to proton-nucleus interactions at 
same per particle momenta. Further, in the case of heavier 
beams these distributions are extended upto larger values. 
3A.4.2 Scaling of grey particle multiplicity 
In an earlier publication (15), we have observed that 
the multiplicity of grey particles produced in high energy 
hadron-nucleus interactions may be scaled. In this section 
possibility of scaling, i.e. similarity in the 
distributions of grey tracks produced in proton-nucleus and 
nucleus-nucleus interactions at same per particle momenta 
has been examined. 
In the present analysis, the events with have 
been excluded because the coherent processes may also 
contribute to such events. In Fig. 3.9, we have shown the 
no 1 o N /<N > distributions from Si-Em, ''c-Em and P-Em (2) y y 
interactions. A straight line of the form: 
ln(N^^) = A(Ng/<Ng>)+B (3.4) 
is found to describe the data, where N denotes the number ev 
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of events in the given bin and A and B are certain 
constants. The best fits to the data are following: 
ln(N ) = -(0.86+0.06)N /<N„>+(4.50+0.15) ev — 9 9 ~ 
for silicon data, (3.5) 
ln(N ) = -(0.89+0.08)N /<N >+(4.74+0.20) ev ~ 9 9 ~ 
for carbon data and (3.6) 
= -(0.96+0.04)Ng/<lSIg>+(6.79 + 0.13) 
for proton data. (3.7) 
The constancy (Eqs. 3.5-3.7) in the values of slopes for 
nucleus-nucleus as well as proton-nucleus data may be 
interpreted as existence of some kind of scaling. 
3A.4.3 Shower tracks 
The shower tracks observed in nucleus-nucleus 
collisions consist of tracks due to particles created in 
collisions and projectile fragments of charge Z=l. Thus, 
for calculating the mean multiplicity of the produced 
relativistic charged secondaries, the contribution of the 
singly charged fragments should be subtracted from the 
observed number of showers. But it is difficult to 
identify singly charged projectile fragments. Chernov et 
al (16) have proposed a method by which the average 
percentage of Z=1 fragments can be estimated. This method 
is based on the comparison of angular distributions of 
82 
shower particles produced in nucleus-nucleus and 
proton-nucleus collisions at the same momentum per nucleon. 
The observed angular distribution of showers at low values 
of Q has been assumed to be sum of two distributions: 
(i) ^ ^ ^ . = Constant dcosfr 
(The distribution of created relativistic 
particles) and (3.8) 
^^^^ d ^ - ^ ^ ^ O Exp[-A2p2(l-Cos2e)/2(r2] 
(The distribution assumed for Z=1 
fragments) (3.9) 
where A^ is the mass number of a fragment and P^ is the 
incident momentum per particle. 
Using this method we have fitted the observed angular 
distribution of total showers, in the region of small Qr , 
as the sum of the above two distributions. The dashed 
lines in Fig. 3.10 (a and b) show the individual contri-
butions and the continuous line the sum distribution. It 
is observed that the Z=1 fragments contribute only in a 
narrow cone of 6 = d . The ratio of Z=1 fragments and the 
total number of showers in the region & ^  fr' is 0.58 in 
28 12 case of Si-Em and 0.54 in C-Em interactions. 
To plot the frequency distribution of created showers, 
one must subtract from the observed number of showers in 
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individual events the showers due to singly charged 
fragments. In the absence of exact information about it, 
Chernov et al (16) have suggested a statistical way for it. 
In this method all the showers with certain angle d < ©q 
are taken to be the projectile fragments. The value of Oq 
is chosen so that the contribution of created showers in 
the region O" < is equal to the number of projectile 
fragments in the region 9 > The values of ^^ for the 
28 12 Si-Em and C-Em events are shown in Fig. 3.10 (a and b). 
The respective contribution of 'produced'relativistic 
28 12 
particles in the range B < O'q for Si and C beams is 
approximately 8.1 and 11.4% of all the shower particles in 
the fragmentation region. These values are in accordance 
with the reported results (16,17). 
The multiplicity distributions of the created 
relativistic charged secondaries have been plotted in 
Fig. 3.11 for Si, C,o6(ll) and P (2) interactions. One may 
2 8 
observe from this figure that in the case of Si-Em 
events, the distributions does not show a very sharp peak 
in comparison to o6-Em and P-Em interactions and also that 
the events are distributed over much larger values of N^. 
The values of <N >, after eliminating the contribution O 
of singly charged projectile fragments to showers, have 
been listed in Table 3.2. A strong dependence of <N > on s 
projectile mass is observed which is well understood in 
terms of the geometry of the collisions. This dependence 
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of <N > may be summarized in terms of a power-law which is s 
shown in Fig. 3.2. The best fit to the data is as follows: 
<N > = (3.10) s — b 
3A.4.4 Projectile fragments 
In a peripheral collision only a part of the 
projectile nucleus is directly involved in the collision, 
the remaining part is called the spectator. The spectator 
breaks up into neutral particles or into singly as well as 
multiply charged fragments. In present experiment, the 
multiply charged projectile fragments have been identified 
by grain density and <S-ray density measurements and the 
contribution of singly charged PFs have been estimated by 
the method given by Chernov et al (16). Thus, the relative 
yields of fragments of various charges are plotted in 
Fig. 3.12. Clear peaks are observed at smaller values of Z 
2 8 for both silicon- and carbon-data. In the case of Si-Em 
data, the distribution is extended upto charge of beam 
12 nuclei, i.e. Z„=14 whereas in the case of C-Em data, the D 
distribution is not extended upto Z=6. The detailed study 
of PFs have been given in Chapter IV. 
3A.5 Multiplicity correlations 
Multiplicity correlations of the type <N^(Nj)>, where 
= and N^ with i^j, have been widely studied 
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with different projectiles and targets. We present here a 
similar study for three different projectiles, viz. 
Silicon-28, Carbon-12 and proton (2) at the same per 
particle incident momenta, viz. 4.5 GeV/c per nucleon. The 
experimental results showing the dependence of (a) ' 
and <N > on N , (b) <N, >,<N > and <N > on N, , (c) <N,> b s g h g s d d 
<N > and <N^> on N^ and (d) <N^>, and <Ng> on N^ are 
2 8 
shown in Fig. 3.13 (a-d) for Si-Em, in Fig. 3.14 (a-d) 
12 
for C-Em and in Fig. 3.15 (a-d) for P-Em interactions. 
Generally, the experimental results have been analyzed by 
using the following linear fits of the type: 
<N^(Nj)> = a^jNj+b^j . (3.11) 
These figures show that the P-Em data may be represented by 
linear fits. The values of a^^ and b^^ obtained by 
weighted least squares fitting for P-Em interactions are 
listed in Table 3.3. However, the picture in case of 
28 12 
Si-Em and C-Em data is not so clear. Therefore, the 
fits have been made on the data for the full range as well 
as limited range of values of N^ giving due weights to the 
points according to the statistics. Range of N^ for 
limited fits has been taken to be those in P-Em data. The 
values of a^^ and b^ ^^  are listed in Table 3.4. The 
following conclusions may be drawn from these tables and 
plots: 
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Fig. 3.13(b): Variations of , <Ng> and <Ng> with N^ ^ 
for silicon data. 
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Fig. 3.15(c): <Ng> and plotted against Nj^  for 
proton data. The lines are discussed in Fig. 
3,15(a). 
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(i) Variation of <Ng> with and N^: It is observed 
that <1SI > decreases with increase in the values of s 
N and N^ in case of P-Em collisions. However, 
pa 10 
in Si-Em and C-Em interactions positive 
correlation is observed. 
(ii) Variation of with N^ and N^: Very clear 
saturation in the values of <N, > is observed in <N, > 
b b 
vs. Ng plots for values of N^ beyond 10 in case of 
28 12 
Si-Em as well as C-Em collisions. This finding 
is also supported by the Table 3.4 in which the 
values of a^^ are much different for full range and 
limited range fits. Similar trend in proton data is 
also observed. decreases with N^ in proton-nucleus collisions and it increases with N in s 
nucleus-nucleus interactions. 
(iii) Variation of <N > with N and N. : The behaviour of g s b 
<Ng> with N^ or Nj^  is very similar to that of 
with N and N , however, the saturations are not s g 
statistically significant. 
(iv) In the case of nucleus-nucleus collisions, the values 
of the correlation parameter a.. for <N, >-N , <N, >-N ID D g h g 
(in the limited range of values of N^) and 
(for both limited and full range fits) are 
nearly equal to their respective values for p-nucleus 
interactions. 
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3A.6 Dependence of shower particle multiplicity on the 
number of interacting and non-interacting projectile 
nucleons 
The effective number of projectile (or beam) nucleons, 
interacting with target nucleus have been estimated 
(18) by using the relation: 
= Ag-(Ag/Zg)Q, (3.12) 
where and are respectively mass number and atomic D D 
number of beam nuclei and Q is the total charge of 
projectile fragments, i.e. and Z- is the charge of a 
f ^ t 
fragment of fth kind. The average number of shower 
particles per interacting beam nucleon, i.e. have 
been calculated for collisions with H, CNO, AgBr and 28 12 
emulsion targets by both Si and C projectiles and are 
presented in Table 3.5. It is interesting to note that 
these values are quite close to the respective values 
(<Ng>-aJ^) for proton-nucleus interactions at same momentum 
per particle where oC^  is the contribution of leading 
particle in the interactions due to proton beam. The 
reported (19) values of oC^ are ^0.9 for collisions with 
H-targets and ^0.67 in the case interactions with emulsion 
nuclei. Although, in events due to CNO as well as AgBr 
targets same value of oC^  has been taken, the values of oC^  
would be more for CNO targets and less in the case of AgBr 
targets. 
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Table 3.5: Mean number of showers per interacting 
nucleon of beam in nucleus-nucleus 
collisions and mean shower particle 
multiplicity without leading particle 
contribution in proton-nucleus collisions 
for different targets at same momentum per 
particle. 
Target \^Beam 12, 
H 
CNO 
AgBr 
Em 
0.71+0.03 0.72+0.08 
0.99+0.03 0.94+0.04 
1.24+0.03 1.13+0.05 
1.08+0.02 1.05+0.03 
0.71+0.05 
*1.05+0.04 
*0.86+0.04 
• 0.96+0.03 
For these values see the text. 
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We have also estimated the number of truly created 
relativistic charged secondaries (N^) by using following 
relation: 
= Ng-(Zg-Q) . (3.13) 
The variations of <N^> vs. ^^ (or Q) and vs. 
1)_ (or Q), where N stands for ,N, and N have also 
B S y o n *t" 
been studied (Figs. 3.16 and 3.17) and it is found that N 
varies linearly with . These results show that the 
JD 
nucleus-nucleus collisions at these energies can be 
visualized as superposition of nucleon-nucleon collisions 
and rules out any collective phenomenon. 
Besides comparing the average values of these 
quantities for participating nucleon of the beam we have 
also plotted (Fig. 3.18) the frequency distribution of 
28 12 
showers per interacting nucleon of the beam for Si, C 
and proton beams. The distribution seems to show scaling 
behaviour which further supports our assertion that at the 
energy considered here the nucleous-nucleous collision may 
be treated as superposition of nucleon-nucleon collisions. 
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Fig. 3.16: Dependences of (a) <N > on i;„(or Q) and (b) <N on <50 X ti X B _ 28 in Si-Em collisions. 
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Fig. 3.17: Variations of (a) <N > with H?^®^ Q) ^^v^/^r ^^^^ 
12 in C-Em interactions. 
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3B ANGULAR CHARACTERISTICS OF CHARGED SECONDARIES 
3B.1 Angular d i s t r i bu t ions of various types of produced 
par t ic les 
3B.1.1 Slow par t ic les 
The angular distribution of target fragments, i.e. 
28 12 grey and black particles emitted in Si-Em and C-Em 
interactions at 4.5A GeV/c are shown in Figs. 3.19 and 
3.20. For comparison the distributions due to <?^ --Em 
collisions at 4.5A GeV/c (11) and P-Em interactions at 3.0 
GeV/c (20) are also given in the same figure. From these 
figures one may observe that the distributions are 
independent of mass of the beam nuclei and no peculiarity 
or bump structure is observed which may indicate the 
occurrence of nuclear shock wave phenomenon. The front 
(G<90°) to back (&>90°) ratio for these distributions are 
calculated and presented in Table 3.6. A weak dependence 
of front/back (F/B) ratio on the mass of the projectile is 
observed in the distributions of target fragments which 
shows an increase in the collision impact with increasing 
mass of projectiles. 
3B.1.2 R e l a t i v i s t i c charged secondaries 
The angular distributions of shower particles produced 
during the collisions of silicon, carbon, alpha (11) and 
proton (20) are shown in Fig. 3.21. It can be seen from 
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the graphs that the angular distributions of showers are 
almost similar and prominent peaks are observed at smaller 
angles. We have also plotted (Fig. 3.22) the angular 
2 8 
distributions of showers with 6.^8° for our data of Si and 
1 2 
C beams. These distributions demonstrate prominent peaks 
in the range of very small angles, which may be attributed 
to the surviving fragment of the projectile nucleus with 
Z=1 (17), superimposed over the uniform distributions. The 
detailed discussion regarding the contributions of singly 
charged projectile fragments and truly created relativistic 
charged secondaries may be found in earlier section 3A.4.3. 
Furthermore, we have calculated the front/back ratio for 
charged relativistic shower particles which is given in 
Table 3.6. A strong dependence of F/B in case of 
relativistic charged secondaries shows that these are 
closely associated with the projectile nucleons. 
3B.2 Rapidity d i s t r i bu t ions 
The single particle pseudorapidity distribution is one 
of the fundamental distributions in high energy collisions. 
Although it is a one-body distribution which integrates 
over all correlations, nevertheless it could provide us 
with substantial information about the dynamics of 
collisions. The pseudorapidity, T^ , of a particle is 
defined by the relation •r^=-ln (tan 6-/2), where & is the 
angle of emission of the particle with respect to the mean 
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direction of beam. Rar t^  is a good approximation 
to rapidity, Y, defined in any frame by Y=-|ln[ (E+P^^)/ 
(E-P^^)], where E and P^^ are respectively the energy and 
longitudinal momentum of the particle. Experimentally it 
is not always possible to measure the energy and momentum 
of a particle and hence the rapidity distribution and 
correlations amongst the particles in rapidity space are 
generally studied in terms of pseudo-rapidity variable, Y| , 
instead of the rapidity variable, Y. In the present 
analysis also "T^-variable has been used. 
3B.2.1 P r o j e c t i l e mass dependence 
The normalized pseudorapidity distributions (i.e. the 
particle number densities in rapidity space) of the 
2 8 
secondary charged shower particles emitted in Si-Em, 
12 
C-Em and P-Em (2) interaction at 4. 5A GeV/c have been 
shown in Fig. 3.23. The distributions are normalized for 
total number of interactions in each sample. The 
•'^-distributions for each case, in the region of smaller 
values of are observed to be independent of the mass of 
incident beam. The height of the centroid increases many 
times in the case of nucleus-nucleus collisions with 
respect to the proton-nucleus interactions. 
The variation of probability distributions of 
relativistic charged shower particles produced per unit 
XJ 
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rapidity, P(Ng,t|) = (l/Ng)dn/cn] , with pseudorapidity, , 
have been shown in Fig. 3.24. The distributions are 
normalized for total number of showers in each sample. 
From this figure one may notice that the distributions are 
almoBt completely scaled for the entire region of except 
for large t^-values where a mild projectile dependence is 
seen. It may further be marked that the position and 
height of the centroid remains same in all the cases. 
Thus, one may conclude that the particle production at all 
angles in the laboratory frame is same in particle-nucleus 
and nucleus-nucleus interactions at same per particle 
momenta. A discrepancy in the distributions at large "Yl^  can 
be attributed to the production of singly charged fragments 
of beam nuclei. 
ss dsperxuence 
Tu Figs. 3-25-3.27 particle density distributions are 
plotted for different Nj^^-intervals to see any possible 
target dependence. From the figures one may observe that 
the disLributions arc almost same at higher 'ri^ -values and 
the ceutcoxds of the distributions grow and shift towards 
smaller with increasing target mass in the case 
of nucleus-nucleus collisions. Whereas in the case of 
interactions due to proton the distribution merely 
translates to the region of lower Tl-values with the 
increase in target size. Thus, one may conclude that the 
0.4. 
0 . 3 
0 . 2 
0 . 1 
120 
U.SA GeV/c 
— S i l i c o n - E m u l s i o n 
Corbon -- E m u l s i o n 
P r o t o n - E m u i s i o n 
r 
-J 
_ J I 
X 
I 
l - r -
lJ 
0.0 
-C.O 0.0 .^0 8.0 
Fig. 3.24: Variations of probability distributions of 
relativistic charged shower particles per unit 
rapidity with pseudorapidity for same data as in 
Fig. 3.23. 
9 . 0 
T J x> 
> 
6.0 
3 . 0 
0.0 
- 4 . 0 
121 
4.5A GeV/c 
S i l i c o n - E m u l s i o n 
r--i 
N,, ^ 7 ( A g B r ) 
N,^^7(CN0) 
% =0,1(H) 
1 
Fig. 3.25: r|-spectra in different N^^-bins for 
interactions at 4.5A GeV/c. 
28 Si-Em 
3 . 0 " 
€ •O 
> OK 
z.o\-
l.oh 
0.0 
- 4 0 
122 
4 . 5 A GeV/c 
Car b o n - E m u l s i o n 
N^7(AgBr) 
N^ =0,1(H) 
r J 
r 
J 
r-I I J 
n 
I t I I 
-a.... 
0.0 4 . 0 8.0 
1 
1 ? 
Fig. 3.26: ^-distributions in different N^-intervals for C-Em 
interactions at 4.5A GeV/c. 
c X) 
0.6 
0.5 
Oil 
TJ 
I 
0.1 
0,0 
r-J 
123 
A . 5 G e V / c 
Proton - Emulsion 
Nh>6(AgBr) 
Nh<6(HCN0) 
1 I I I 
u . 
I 
- i . O 0.0 4.0 8.0 
7 
Fig. 3.27; Pseudorapidity distributions in various N^-bins for P-Era 
events at 4.5 GeV/c. 
124 
distributions corresponding to lower values of are 
related to the target nuclei and corresponding to the 
higher r|-values to the projectile nuclei. Hence the 
rapidity space may be divided into three regions, viz. 
target fragmentation, projectile fragmentation and central/ 
pionic regions. The target fragmentation region 
corresponds to the smaller t]^-values, i.e. larger values of 
emission angle. The projectile fragmentation region is 
assumed to be populated by fragments of the projectile 
nucleus corresponding to larger values of T^ , i.e. small 
angles of emission. The central region is believed to be 
enriched by the particles produced in collisions of 
participants of the colliding nuclei and is independent of 
either of the fragmentation regions. 
Figs. 3.28-3.30 show vs. plots for the same 
samples of data in different Nj^-bins pertaining to 
different target nuclei involved in the collisions. A 
common feature observed in these plots, is that the 
distributions translate to the target fragmentation region 
with increasing target mass. Thus, we may say that the 
mechanism responsible for particle production is 
essentially similar in these interactions, only the mean 
angle of production, i.e. centroid of the distribution is 
shifted to larger emission angles for heavy targets. 
3B.2.3 Dependence of ' f ^ d i s t r i b u t i o n on shower par t ic les 
Several special features of particle production about 
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thermalization and hadronization, etc. are expected to be 
inherent in the central region. However, there are no 
clearcut boundaries for separating three fragmentation 
regions. In the present investigation we have made an 
attempt to locate the central regions from the experimental 
Y|-spectra. For this purpose, the "Y^-spectra for different 
28 12 N -bins for both Si-Em and C-Em interactions have been s 
plotted in Fig. 3.31. From this figure one may notice that 
at large as .well as small T^-values the distributions 
remain almost unchanged whereas at moderate values of , 
i.e. the central part, the distributions are enriched with 
particles. This criterion has been used to define the 
2 8 central region. In the interactions of Si with emulsion 
nuclei, the central region is found to lie between ^^^^ ~ 
4.5 and 1.5 giving rise to a width of 3 units. In the case 
12 
of C-Em interactions these values may be taken about 3.2 
and 1.2 yielding a width of 2 units for central region. 
The particles produced within these intervals are assumed 
to be free from the influence of fragmentations of both 
target and beam nuclei. 
In Figs. 3.32 and 3.33, we have plotted respectively 
the normalized single particle exclusive distributions and 
the probability distributions per unit rapidity for high 
2 8 
Ng-multiplicity events of Si-Em interactions. From these 
figures,one may observe that most of the produced particles 
lie in the central and/or target fragmentation region. 
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Additionally, the degree of centrality of the collisions 
seems to increase with increasing shower particle 
multiplicity. 
3B.3 Angular d i s t r i b u t i o n of showers produced i n central 
and per iphera l c o l l i s i o n events 
Various criteria for selecting central collisions is 
found in literature (6,9,21,22). Generally, use has been 
made of the parameter Q, defined by Q Z^, where Z^ is 
f ^ ^ 
the charge of a projectile fragment of the fth kind in an 
event. Q defined in this way represents the fraction of 
the charge of the projectile nucleus going into fragments. 
Thus, a smaller value of Q means only a small part of the 
projectile behaving as spectator or a larger of its part 
participating in the collision thereby making it a more 
central collision. Furthermore, the maximum value of Q 
corresponds to the extreme peripheral collision events. In 
the present study those events having Q=0 or 1 have been 
taken as central collision events. Based on the above 
criterion, out of 701 and 844 inelastic interactions of 
28 12 
Si and C ions with emulsion nuclei, 97 and 316 events 
were selected as central events, which corresponds to 13.8 
and 37.4% of the all inelastic collision events. 
The angular distribution of relativistic charged 
shower particles produced in central collision events have 
been studied in terms of pseudorapidity variable . The 
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•<^ -plots of shower tracks for central collisions (Q=0 or 1) 
and all Q events are shown in Fig. 3.34. Both the 
distributions are similar. From the figure it is observed 
that the overall production of particles is more in the 
central collisions. Moreover, appreciable number of 
particles are produced in the central region and some 
particles are emitted with large angles in the target 
fragmentation region, whereas no particle seems to be 
produced in projectile fragmentation region for central 
events. This is expected because in the central collisions 
all projectile nucleons participate in the interaction. 
The angular distributions of shower particles produced 
in central collision events alongwith the distribution for 
the most peripheral events, i.e. those with Q=14 and 6 for 
28 12 
Si- and C-ions respectively are shown in Fig. 3.35. It 
is evident from the figure that the distributions of 
central collisions show a regular behaviour and extend from 
the target fragmentation region to the centre of the 
projectile fragmentation region which is obvious because 
all the projectile nucleons in the central collisions take 
part in the interactions and the produced particles may 
acquire any value of rapidity between the two fragmentation 
regions. In the case of peripheral collisions, the 
distributions show two clearly distinct regions: the target 
and projectile fragmentation regions, for both the beams. 
These results show that the limiting fragmentation is not 
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28 12 observed in a general way, in Si-Em and C-Em 
interactions at 4.5A GeV/c but the target and the 
projectile fragment independently in special situation of 
peripheral collisions. 
3B.4 Var iat ion of pa r t i c le number density i n rapid i ty -space 
with number of pa r t ic ipat ing beam and target nucleons 
An important feature of interactions between nuclei is 
the fluctuation in the number of participating nucleons 
from beam as well as target nuclei. In this section, the 
angular characteristics of shower particles have been 
investigated as a function of the number of interacting 
nucleon from the either colliding nuclei. Similar studies 
on proton-nucleus and pion-nucleus interactions at high 
energies were reported by us in an earlier publication 
(23). 
3B.4.1 Study of "^-spectrum as a funct ion of e f fect ive 
target thickness 
It has often been suggested (24-28) that the 
multiplicity of grey prongs, N^, in high energy reactions 
is a good measure of the number of nucleons struck inside 
the target nucleus The number gives the thickness 
of the target as observed by incident nucleus in units of 
the mean free path of the projectile in nuclear matter. 
The grey track producing particles come from the 
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participant part of the target nuclei (9). Thus, a higher 
value of (or N^) means smaller impact parameter or a 
more central collision. A study of the T|-spectrura of 
showers as a function of effective target thickness is, 
therefore, important because it can reveal any change in 
the distribution of showers in rapidity space when the 
collision becomes more and more central. The focus on 
central collision events in nucleus-nucleus interactions is 
very important because the chance for observing any new 
phenomenon is more in these events. 
Using the method given by Jain et al (28), we may take 
where C is a constant and its value depends on 
cross-sections and charge/mass of interacting nuclei. 
To study the dependence of the Y^-spectrum on Vrjxi the 
events have been divided into six groups of N^. The 
"<|-distributions of shower particles for different values of 
Ng (which is a measure of effective target thickness) 
28 12 for 4.5A GeV/c Si-Em and C-Em disintegrations are 
exhibited in Figs. 3.36 and 3.37 respectively. It is clear 
from the fi gures that the peaks of T^—plots grow and shift 
towards smaller values of T^ with increasing JN^. 
For analyzing these characteristics in more detail the 
normalized particle densities; = (dn/dr|) as a 
function of Ng in various Y|-intervals are plotted for the 
same set of data in Fig. 3.38 (a and b). From these 
figures following conclusions may be drawn. 
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(i) Particle density, varies with V^ for the entire 
range of Y^ . 
(ii) In the very forward region ( l a r g e / decreases 
23 X 2 with increasing for both Si-Em and C-Em 
reactions. 
(iii) In the central region the multiplicity increases 
rapidly with'^rp-
(iv) An increase in the multiplicity of charged 
secondaries produced at small ~^-values with 
increasing iJ^ is observed. 
(v) The plot of J^ ifl) vs. ^  Ng(or Vr^ ) is not always linear. 
These features of pseudorapidity plots for different 
effective target thicknesses are the same as those observed 
in hadron-nucleus reactions (23 and references therein). 
3B.4.2 Dependence of "^-spectrum on e f fec t i ve beam thickness 
The effective number of the projectile (or beam) 
nucleons, iJg/ interacting with target nucleus have been 
estimated (18) by using the relation •U,=A„-(A„/Z„)Q, where 
a n hs JD 
Ag and Zg are respectively the mass number and atomic 
number of beam nuclei and Q is the total charge of 
projectile fragments (or beam spectator chargc), which has 
already been defined in the preceding section. The 
characteristic features of relativistic heavy-ion reactions 
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from the geometric point of view depend sensitively on the 
impact parameter of the collision v^hich groups the events 
into three different types, viz. peripheral, quasi-central 
and central. The geometrical description of collision 
dynamics is given typically by the clearcut participant-
spectator model (29). The interaction between participant 
nucleons is confined to a limited volume of dinuclear 
system. Therefore, the number, l)^, may be assumed to be 
effective beam thickness as viev/ed by target nucleus when 
collision is visualized in anti-laboratory frame of 
reference. Further, the central collisions are 
characterised by higher Y) -values. B 
Pseudorapidity distributions of showers for various 
"B " ^  U -intervals are given in Figs. 3.39 and 3.40 for Si-Em 2 
and C-Em disintegrations at 4.5A GeV/c respectively. It 
is evident from these distributions that the peaks are 
enhanced and translated towards smaller values of with 
increasing X) . Furthermore, the normalized particle number D 
densities in "Tf^ -space as a function of in various 
"T^-bins have been shown in Fig. 3.41 (a and b) for both the 
beams. It is interesting to note here that the variation 
of particle density in various intervals of rapidity with 
1)g exhibit similar trends as in earlier case when 
variations are observed for different the effective 
target thickness. 
On the basis of the results discussed following 
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conclusions may be made. 
(i) The particle densities in rapidity space varies widely 
with and in almost similar fashion in all 
rapidity bins for the entire range of the 
distribution. Thus, increase in the participating 
nucleons of either nuclei (effective target/beam 
thickness) essentially enhances the degree of 
centrality of collision. 
(ii) A decrease in normalized particle densities in 
projectile fragmentation region and a rapid increase 
in central as well as in target fragmentation regions 
with increasing participating volume of colliding 
nuclei are observed. This could be understood in 
term of multiple N-N collision inside the struck 
nucleus cuasing particle production in dispersed 
fashion leading to reduction at small angles 
(large T^ ) and a growth at large angles (small ) . 
3B.5 Rapidity-gap d i s t r i bu t ions 
Several authors have investigated the correlations 
between produced particles in high energy hadron-hadron and 
hadron-nucleus interactions in recent years (30,31). 
Two-particle rapidity correlations have been studied mainly 
by using the normalized two-particle correlation function 
(30) and distributions of rapidity-gaps (31) between 
produced particles. In the first method the observed 
two-particle spectra are compared with the expectations 
obtained from mixing one-particle spectra. The main 
drawback of this method is that only two particles are 
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examined simultaneously and the information about the rest 
of the particles in the event is disregarded. In the 
rapidity-gap method when gaps are differentiated according 
to the number of particles inside the gap, not only the two 
particles forming the gap enter the analysis, but also 
information about the rest of the event. 
In the present investigation, a method given by Bell 
et al (32) is used which combines techniques from the 
method of using the two-particle correlation functions and 
from rapidity-gap studies. This method has been 
successfully used to study the correlation in P-Em (33) and 
light-ion (32) interactions. However, we have applied it, 
for the first time to the heavy-ion collision data. 
The method given by Bell et al (32) for the study of 
rapidity-gap correlations has been used in the present 
analysis. Two particle rapidity correlations between-
produced particles have been studied mainly by using the 
normalized two-particle correlation function defined by 
= 1 , (3.14) 
where / ^ ^  dCT/dY and d^cT/dY^ dY^ 
are the particle densities. The numerator in the above 
expression represents the experimentally observed 
distributions, whilst the denominator represents the 
distributions in the absence of correlations. The same 
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function for semi-inclusive data, i.e. for fixed total 
multiplicity n is defined as 
= -—^^^ ^ 1 . (3.15) 
There is a basic difference between Eqs. 3.14 and 3.15. 
When the event multiplicity increases, the additional 
particles shall be produced with small rapidities since the 
total available energy is limited. Thus the width of the 
rapidity distributions, J^^^(Y) must decrease with increase 
of multiplicity. This creates a trivial correlation which 
is inherent in expression 3.14 but not in equation 3.15. 
Based 
on equation 3.15, Bell et al (32) have obtained 
the following expression for the normalized semi-inclusive 
rapidity-gap correlation function of order K 
s 1 . (3.16) ^f^(G) 
Where which is the gap length between two particles 
having exactly K-1 particles located between them. f^ ,(G) n i\ 
is the experimental distribution of gaps, and f„(G) is the n K 
corresponding distribution calculated from one-dimentional 
density distribution. For inclusive data, the ratio they 
obtained: 
149 
R^(G) = 1 , (3.17) 
K F (G) 
where. 
n>K 
n>K 
Special features in correlations, if any, one expects 
to see in the central region, we have to select only those 
shower particles which are lying in central region. As 
already discussed in the previous section, in the 
12 interactions of C with emulsion nuclei, the central 
region may be taken to lie between - 3.2 and 1.2 
2 8 
giving rise to a width of 2 units. In the case of Si-Em 
interactions, these values are 4.5 and 1.5 yielding a width 
of 3 units for the central region. The particles produced 
within these intervals only have been considered for final 
analysis. The charged shower multiplicity "N " of each s event has thus been redefined accordingly. 
Figs. 3.42 and 3.43 show the rapidity gap-distributions 
Fj^(G) of produced particles in the interactions of and 
12 
C nuclei with emulsion at 4.5A GeV/c for the first eight 
gap-orders (i.e. K=1 to 8). Solid lines in the figure 
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Fig. 3.42: Rapidity-gap distributions in silicon-emulsion interactions at 
4.5A GeV/c for first eight orders. The solid lines correspond 
to the calculations, based on single-particle spectra. 
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o 
Fig. 3.43: Functions Fj^(G) and Fjr(G) for K=1 to 8, in the interactions 
12 of C-nuclei with emulsion at 4.5A GeV/c. 
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represent the functions given by expression 3.18. It 
is clear from the figure that a good agreement between the 
two functions for all K-values are observed. But a 
significant change of shape near G=0 is observed with 
inoroaeing order. This behaviour can bo understood from 
the fact that the probability of finding other particles 
between two particles forming the gap, must decrease as the 
length of the gap decreases. The fast drop around G-3 and 
28 12 
-2 respectively in Si-Em and C-Em interactions, are due 
to the chosen rapidity intervals. In the rapidity-gap 
method, correlations of lowest orders only were seen (31), 
whereas using this method correlations are observed between 
neighbouring and other particles. 
The normalized rapidity-gap correlation functions 
Rj^(G) for different values of K have been plotted in Figs. 
28 12 
3.44 and 3.45 for Si- and C-Emulsion interactions at 
4.5A GeV/c. The observed peaks at small values of G gives 
an indication for short-range correlation. The peak 
becomes more prominent with the increase in the order of 
correlation, which may be taken as a signal for 
correlations not only between neighbouring particles but 
also between particles where several other particles are 
produced in the vicinity. Bell et al (32) have performed a 
Monte Carlo calculation based on a simple cluster model 
(34) and reached at the conclusion that the events are 
composed of two kinds of clusters viz. the small or narrow 
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clusters v/hich are responsible for the correlations at 
higher orders, and the larger or wide clusters which are 
responsible for clustering at lower orders. Our results 
agree with the findings of Bell et al (32) and Mangotra 
et al (33). 
Based on the above results, the following conclusions 
may be drawn: 
(i) Signals for short-range correlations for both 
projectiles are observed which become prominent at 
higher orders of correlations, i.e, when number of 
particles between the two particles defining the gap 
is large. 
(ii) The most important aspect of the present investigation 
is the observation of higher order correlations in 
12 28 both the C-Em and Si-Em interactions. However, 
with the present analysis we can not say whether it 
could be due to some multi-quark interactions. 
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CHAPTER - IV 
(A) VARIOUS CHARACTERISTICS OF PROJECTILE 
FRAGMENTS 
(B) ANOMALONS 
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4A VARIOUS CHARACTERISTICS OF PROJECTILE FRAGMENTS 
4A i1 Introduction 
With the availability of energetic beam of nuclei, the 
study of fragmentation of nuclei gained momentum and 
various hypotheses are being tested. Knowledge of 
fragmentation characteristics of nuclei is also important 
for solving various problems of astrophysics, cosmic ray 
physics and radiation physics. The characteristic features 
of these reactions at relativistic energies from 
geometrical point of view depend sensitively on the impact 
parameter of the collision. The heavy-ion collisions may 
be categorised into three different groups viz. peripheral, 
quasi-central and central collisions corresponding to 
large, medium and small values of impact parameter 
I 
respectively (1). A participant-spectator model (2) of the 
collision is used which takes the collision geometry into 
account. 
In peripheral collisions the centres of the colliding 
nuclei are well separated and only a small fraction of 
momentum transfer between the nuclei takes place. This 
results into break up of either nuclei. The characteristics 
of the emitted fragments depend, besides the interacting 
nuclei and energy of the beam, on the intrinsic Fermi 
momentum distribution of nucleons within the fragmenting 
nuclei (3). In quasi-central collisions, projectile and 
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target nuclei are close to each other while in central 
collisions, these two regions merge into each other. 
However, the distinction between two types of collisions 
can be made on the basis of number of participating 
nucleons. The central collisions are more violent and 
complex in nature. 
Since the projectile and target fragments are well 
separated in rapidity space, it is possible to study 
separately the fragmentation process of target or 
projectile nuclei. If such a separation is practically 
possible, it is interesting to determine the extent to 
which the concepts of scaling or limiting fragmentation may 
be applicable to such nuclear reactions. The fragmentation 
cross-section is found to factorize into a target and 
projectile related parts. If one writes the reaction as 
B+T > F+X, then this factorization (4) can be expressed 
by 
where Yg depends only on the masses of the projectile and 
the detected fragments, and Y^ (target factor) depends 
exclusively on the target mass. Both Y^ Y™ are a 1 
independent of bombarding energy. The concept of limiting 
fragmentation admits no correlation between projectile and 
target fragments (5). The hypothesis of limiting 
160 
fragmentation (6) has been used successfully for describing 
high energy elementary-particle collisions above 10-20 GeV. 
In heavy-ion experiments at 1-2 GeV/A, many of the observed 
few jaamiaaK^ aijig enhwirigy 
(7-12). In emuslion experiments (4,13-18), results from 
indirect study of momentum distributions of projectile 
fragments (PFs) from the projected angular distributions 
have been reported. To the best of our knowledge no 
2 8 analysis of the following type of the data on Si-Em 
interactions at 4.5A GeV/c has been made so far. In 
28 12 
present experiment we report results of Si-Em and C-Em 
interactions at same per particle momenta. 
4A.2 Emission of p r o j e c t i l e fragments 
Berkeley group (7,9,19), using spectrometer, has 
studied the single-particle inclusive spectrum of fragments 
4 19 14 1 fi of He, C, N and 0 nuclei at 2.lA GeV/c, emitted with 
&<0.7° and observed that fragmentation cross-sections could 
be factorised (Eq. 4.1) into target and beam related parts. 
In other words the charge composition of the fragments is 
independent of target nucleus. The target factor ( Y^) 
weakly depends (4,20) on A^ as: 
V ^ - A ^ ^ . (4.2) 
In emulsion experiments, where the total fragmentation 
161 
cross-sections are measured, this statement is found to be 
invalid. 
The data on the mean multiplicities of projectile 
fragments with different charges in the interactions of 
Si and C nuclei with emulsion are presented in Tables 
4.1 and 4.2. The errors quoted are statistical. It may be 
observed that the value of <N„> decreases as one goes to 
Li 
higher charges. The mean multiplicities of PFs depend 
considerably on the mass of target. The dependence seems 
to be more for the case when fragments are emitted during 
the collision with AgBr-targets. This effect is seen for 
both the projectiles and all charges and charge groups for 
fragments. The dependence of composition of fragments on 
the target mass does not agree with the principle of 
factorization. Furthermore, it has been reported (7,9,19) 
that the ratio of differential cross-sections for the 
production of fragments around 6 = 0 ° in different targets 
are constant and approximately equal to the ratios of the 
geometrical cross-sections. The results presented in Table 
4.3 do not seem to agree with the above observation. Thus, 
one may conclude that there is considerable dependence of 
the cross-section on target mass. 
These results are understandable in terms of 
participant-spectator picture of collision because in the 
collisions of beam with H or CNO, the average size of the 
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Table 4.3: Ratio of mean multiplicities of PFs for 
various target combinations. 
Beam Charge of PFs 
<N2>CN0 <N2>AgBr <N2>AgBr 
<N^>H <1SI2>CN0 
1.02+0.08 0.91+0.07 0 .89 + 0.06 
0.72+0.09 0.48+0.07 0.67+0.09 
0.84+0.07 0.49+0.04 0.58+0.04 
12, 1.05+0.15 0.89+0.13 0.85+0.09 
0.71+0.10 0.35+0.05 0.49+0.05 
1.30+0.30 0.55+0.15 0.42+0.09 
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spectator will be large in comparison with collision with 
AgBr and hence more fragments will result in collisions 
with H or CNO as compared with the collisions with AgBr 
nuclei. The results presented in Table 4.3 may be 
interpreted in another way as well. The ratio of 
<N„> for Z=l,2 and >,3 is much closer to 1 in h t-NO L n 
comparison to the ratio "^ '^ z^ AgBr^ '^ '^ Z^ H both the 
projectiles which means that deviation from factorization 
starts appearing when we include the events of interaction 
with AgBr. Since these interactions will be predominently 
central than the interactions with H or CNO, we may infer 
that in case of peripheral collisions the cross-section of 
projectile fragments may factorize but in central 
collisions the factorization is not tenable. Thus, the 
factorization of cross-section around & = 0° even though 
observed in electronic experiments seems to be broken in 
47^-experiments where the total fragmentation cross-sections 
are measured. Similar findings have been reported using 
other projectiles (20,21) as well. 
It is worthwhile to investigate the dependence of the 
mean multiplicities of fragments on projectile mass. 
Fig. 4.1 shows the variation of mean multiplicity, <N2> 
with mass of projectile (Ag) , for fragments having Z=l,2 
and ^3. The results reported by several other workers 
(14,20-23) have also been used. An expression of the form 
<N2> = Const. is found to describe the dependence. The 
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Mass of P r o j e c t i l e ( A g ) 
10 
Fig. 4.1 : Variations of mean multiplicities of PFs having charges 
Z=l, 2 and with mass of the projectil^(A^). The lines 
correspond to the relation; <N„>=Const. A^. a 
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following expressions are best-fits to the data: 
<«, = (0.15+0.02) 40.70i0.09)_ (,.3, Z —X -D 
= (0.17+0.07) a^0-51±0.22) 
and 
= ( 0 . 0 2 + 0 . 0 1 ) a ^ I - 1 8 + 0 . 3 6 ) ^ J — ts 
In Fig. 4.2 (a and b) we have shown the multiplicity 
distributions of fragments with Z=l-5 for both silicon and 
carbon projectiles. It may be seen from these plots that 
the distributions are almost similar. The percentage of 
events with larger values of N increases with the 
Li 
projectile mass. The multiplicities N„>1 for heavier 
fragments are very rare. No event has been registered with 
n o 
in Si-Bn data. Events of diffractive dissociation of 
beam nuclei are very rare. The cross-sections for the 
processes in which projectile carbon nucleus breaks up only 
into three Z=2 or into two Z=3 fragments is found to be -2 -3 respectively 1.66x10 and 4.74x10 of the total inelastic 
cross-section. These values are comparable to the reported 
results (17,24,25). 
Furthermore, we have studied the target dependence of 
the multiplicity distributions of, different charge 
fragments (Figs. 4.3-4.7). The distributions seem to be 
almost same with clear peaks at N^'^O. The probability of 
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finding events with higher values of increases with the 
decrease in target mass. 
Fig. 4.8 shows the variation of the average 
multiplicities of fragments of various charges/charge-
groups with N^ which is assumed to be a measure of target 
excitation and also a characteristic of impact parameter. 
It is found almost for all charges emitted from both the 
projectiles that <N2,> decreases with the increase in N^. 
The large values of <N > at N, =0,1 is due to the extreme L n 
peripheral collisions where one may expect very small 
target excitation. Furthermore, the <N > vs. N, plots for Li n 
Z=1 are extended upto 56. However, emission of 
multiply charged fragments ceases with the increase in the 
values of N^ ,^ i.e. in the central collision events. 
The angular characteristics of multiply charged 
fragments have been investigated in Fig. 4.9 where the mean 
emission angles of various charge fragments as a function 
of N^ are given. The average angle of emission within 
statistical error is almost independent of Nj^ . 
4A.3 Emission of He-fragments in various channels 
In this section we present the emission characteris-
tics of Z=2 or He-fragments emitted in different channels 
for both the projectiles. The different reactions channels 
are defined as follows: 
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(I-a) IxHe+F^^j^ channel - the projectile breaks up 
into only one Z = 2 fragment and singly charged 
particles. 
(I-b) lxHe+F„.o channel - the projectile breaks up 
into one Z=2 and atleast one fragment. 
(II) 2xHe+X channel - the projectile yields into two 
Z=2 fragments alongwith anything. 
(III) 3xHe+X channel - the projectile gives rise to 
three Z=2 fragments and anything. 
Obviously (I-a) and (I-b) together constitute the 
channel (I) IxHe+X, which contains only one Z=2 fragment in 
addition to anything. Moreover, OxHe+X channel is defined 
by no Z=2 fragments. 
Table 4.4 shows the percentage of occurrence of 
various reaction channels defined in the present study 
for different projectiles. The data on (26), (22) 
^^Ne (23), (24), ^^N (13) and ^^C (17) are also 
included in the table for comparison. We observe that zero 
alpha events, i.e. OxHe+X channels are more frequent for a 
low and medium mass beam nuclei. As the mass of the 
projectile increases, the occurrence of Z=2 fragments 
increases (13) 
owing to the higher probability of central 
events. These findings are in accordance with the results 
reported earlier (13,22). 
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Figs. 4.10 and 4.11 show the variation of <^2-2^ with 
the target fragments, i.e. N^, for different reaction 
2 8 
channels. Similar trends are exhibited by both Si- and 
12 
C~data. We may notice that (I-a) channel occurs upto 
larger values of N^ in comparison to remaining channels. 
It will be interesting to note that in (I-a) channel for 
both the projectiles, peaks are obtained at 1SI^ /~'12, whereas 
in (I-b), (II) and (III) channels, peaks are seen at lower 
values of N^. Thus, we may conclude that all the channels 
except (I-a) channel are due to peripheral collisions. The 
(I-a) channel itself represents the more violent collisions 
of beam nuclei with the target nuclei. 
Figs. 4.12 and 4.13 show the dependence of mean 
emission angles of Z=2 fragments in different channels on 
Nj^ . A careful examination of the figures shows that the 
emission characteristic of the fragments in different 
channels is almost independent of N^. 
4A.4 Effective number of interacting and non-interacting 
projectile nucleons 
The effective number of projectile nucleons, tJ 
interacting with the target is one of the basic parameters 
of the so-called superposition model. Assuming that the 
excess neutrons, if any, in the beam nucleus over protons 
accompany the protons in the fragment, we may write (27) 
^g = Ag-(Ag/Zg)Q; where A^ and Z^ are respectively the mass 
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number and atomic number of beam nuclei and Q is the sum of 
the total charges of all the projectile fragments in an 
event or beam spectator charge. Thus Q is the 
charge of a fragment of fth kind and the sum is over all 
fragments in an event. In our case for both the beams 
A„=2Z„ and hence •iJ=A„-2Q. D D D D 
We have obtained the charge, Q, of the spectator part 
28 12 
of the beam nuclei for all events of Si- and C-data. 
Thus, the values of have been estimated for different 
JD 
target ensembles. These values are enlisted in Table 4.5 
alongwith the reported results. For all the projectiles we 
may notice that the value of increases with increase in D 
target as well as projectile mass. However, the percentage 
of interacting beam nucleons in emulsion is ^ 5 0 % of . 
Table 4.6 shows the ratio of effective number of 
interacting beam nucleons for two different targets. Some 
authors (14,20) have calculated the values of 
different targets Tl and 
T2 and compared it with ratio of the number of interacting 
nucleons. They have found that the two values are 
consistent within 20%. We have also calculated these 
factors and find that the two values are not consistent in 
our case. 
Furthermore, we present in Table 4.7 the values of 
ratios of ^^ ^ * ^ ^ GeV/c and at 2A 
186 
O 
in 4J <U cr> H (0 4-) 
U) 
o •H M n3 > 
x: 4-> •H 
cn dJ o G <U 
<U m <u 
Pi 
M 
U 
i 
c Q) tn (V M Ot 
^ ^ 
* 
o + 1 « 
VD 
t-f r4 i o + 1 o CNJ 
U O ^ 
4J 
C (U W 
(U u ett 
cr^  
o + 1 
CTi • 
CM iH 
O CM 
rH 
+ 1 
n 
g <0 (U 00 n in o 00 
iH O 
U5 C o (U H 
o 
c 
CT> c •H +J U fd H tt) 4J C •H 
• d n-t o 0 .rH tn 
1 ^ 
aJ Q) C rH n) U (U 3 S C 
in 
Q) iH Xi n} En 
CQ 
c 
m 
§ u 
?l CM 
00 
CT) 
O + 1 
in 
in 
CM 
o + 1 
VD 
CM 
D 
a) u o CM 
< in 
?l 
r-
00 • 
o + 1 VD 
vo 
ro CM 
o +1 
o cri • 
2; 
r-| 
o + 1 vo 00 
.H 
"If CM 
O + 1 
00 
o 
o rH 
CTl 
O + 1 CM 'sJ' 
+ 1 
ID 
00 ro 
+ 1 vo 
in • 
oo CN 
+1 CM "a* • 
00 CM 
0 
\ ,—. > > > d) •H 0) QJ Q) o CO O h4 O 00 vo c CM <; in rfj H in 
• • • CM rH 
« — ' 
187 
Table 4.6: Ratio of the number of interacting beam nucleon for 
two different targets. (Shown in parentheses are 
lues corresponding to t^ g^+^ -p-j^  va 
Beam Ratio = 
(Ug)CNO (i3g)AgBr {XJg)AgBr 
References 
12c 
(4.5A GeV/c) 
(2.1A GeV) 
(4.5A GeV/c) 
(1.7A GeV) 
2. 10+0.12 3 .27+0.19 1 .56+0.08 Present work 
(1.26) (2.01) (1.60) 
1. 26+0.09 1 .58+0.13 1 .26+0.11 (14) 
(1.23) (1.93) (1.57) 
1. 57+0.06 2 .63+0.10 1 .67+0.06 Present work 
(1.13) (1.61) (1.43) 
1. 00+0.08 1 .18+0.09 1 .18+0.08 (20) 
(1.07) (1.38) (1.29) 
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Table 4.7: Ratio of the nucleon number of two 
different beam nuclei for a fixed 
target group. 
Ratio 
Target (4 - 5A GeV/c) GeV) 
H 
CNO 
AgBr 
Em 
2.43+0.13 
1.82+0.08 
1.96+0.08 
1.88+0.05 
5.80+0.43 
4.64+0.35 
4.35+0.37 
4.33+0.23 
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GeV for different targets. It is quite interesting to see 
that the ratio remains constant for all target ensembles 
and compares well with the corresponding values of 
(i.e. 2.33 and 4.0) except for H-targets where the values 
are slightly high. 
In Fig. 4.14, v^ e study the variation of with N^ for 
both the projectiles. It may be noticed that grows 
almost linearly as we proceed from peripheral to central 
collisions, as expected. However, the values of V^ shows 
Jd 
12 
saturation effect for extreme collisions in case of C-Em 
collisions. The highest values of in the figure are no 19 
24.30+2.45 and 10.98+2.15 respectively for Si and C 
beams implying hereby that a maximum of -^90% of the beam 
nucleons participates in the most central collisions. 
The prticipant-spectator model assumes a strict 
separation of participants and spectators and clean 
geometry (2) which predicts that the average number of 
participant protons from the beam nucleus is proportional 
to the ratio of the target cross-section to the total 
cross-section (2), i.e. 
""Bean, ^Theory = ^b'^'^^oV ' ^ '^ot 
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Thus, it is clear from the above equation that a plot of 
<NP^rt-Proton> ^^ ^  ^ 2 ^ i n j^e a straight line 
with slope Z„ and intercept equal to zero. In Fig. 4.15, D 
we compare the above prediction with our data. Open 
circles correspond to the prediction of the model and solid 
ones are the corresponding experimental points. The least 
squares fit to the experimental data are represented by the 
lines: 
.„Parc-l-'roton. ,,, oo.o c-7 n a 2/3--. 1/3 , ^  1/3 > 2 ^^eam >Expt. = (16 . 32+2 . 57 ) a / + a / ) 
+(2.02+0.66) (for and (4.7) 
Part-Proton ^ ..2/3/(2/3 1/3.2 
•^ Beam ^Expt. /^a^ +a^ ) 
+ (0.60+0.32) (for^^O- (4.8) 
Within error, the slopes of fitted lines are comparable to 
Zg. It may be noted that the theoretical prediction in all 
cases lies below the experimental value and for heavier 
projectile this difference is larger. 
It should be pointed out here that in a similar 
analysis using ^^Fe and ^^N beams at energies 2A GeV, 
Bhanja et al (14) have reported that the slopes of the 
2/3 
experimental lines are near to Z^' . Also the intercepts 
of the experimental lines in our case are respectively 
2.02+0.66 and 0.60+0.32 for and ^^C beams. Those 
values are much less than the value JfZ^-l.S as reported by 
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Bhanja et al (14). 
The relative yields of beam spectator charge, Q, are 
shown in Fig. 4.16. In the same figure the N^-distribution 
of P-Em data (28), which represents the target charge 
distribution, at same per particle momenta of the beam are 
exhibited for comparison. The frequencies in all the cases 
are normalized to events with spectator charge ^6. Except 
for the lower values of Q, one can observe that for both 
the projectiles the relative abundance of Q is nearly the 
same within experimental error. The Q-distributions for 
both the beams are similar to the N, -distribution. This h 
shows that the fragmentation process of target or beam 
nuclei may be considered to be similar. In Fig. 4.17, we 
have given <Q> of events with atleast one fragment of 
charge Z. From the figure one may see that the value of 
<Q> increases with increase of charge Z and finally reaches 
to a constant value. We have also plotted the <Q> of 
events having different number of Z==l,2 and 3 fragments in 
Fig. 4.18(a and b) . Similar trends are observed in all 
these cases for^  Si and C interactions. 
The above analysis shows that the participants 
spectator model satisfactorily describes the fragmentation 
O Q 
of projectiles and that similar processes occur in Si-Em 
and ^^C-Em collisions. 
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4A.5 Projected angular distribution of multiply charged 
fragments 
Greiner et al (9) have found in their measurements of 
single-particle inclusive spectra, that the longitudinal 
momentum distributions of secondary nuclei produced during 
1-2 1.6 
the fragmentation of C and O beam nuclei are typically 
Gaussian-ahaped in the projeabile rest frame. The widths 
(SD) of these distributions were reported (9) to be '^50 
to 200 MeV/c which depend only on the mass of the fragment 
and beam nuclei. To about 10% accuracy, these characteris-
tics of the momentum distributions are independent of the 
target. They parameterized the dependence of the widths 
(SD) of the distributions on the projectile- and 
fragment-mass by the relation: 
= (4.9) 
where A^ and A^ are the mass numbers of the beam and 
fragment nuclei respectively and a fitted variable. 
A parabolic dependence of CT on fragment mass of the 
Pll 
form CT Ap(Ag-Ap) was first predicted by Wenzel (29), 
later by Lepore and Riddell (30) and indirectly by Feshbach 
and Huang (31). In general the parabolic shape arises when 
one assumes that 
(i) the fragment momentum distributions are essentially 
those in the projectile nucleus, 
199 
(ii) there are no correlations between the momenta of 
different nucleons and 
(iii) momentum is conserved. 
Lepore and Riddell's work is a quantum mechanical 
calculation that employs the sudden approximation with 
shell model wavefunctions. They showed that the momentum 
distribution of fragments in the projectile rest frame is 
approximately Gaussian and the width of the distribution 
given by: 
cr(p) = MeV/c 
(4.10) 
where m^ is the nucleon mass in MeV. The above equation 
shows that CT (p) is independent of the mass of the target. 
The width CT' ( ^ p) of the corresponding projected 
angular distribution in the laboratory frame is related to 
the width C5^(p) of momentum distribution by the expression 
(14) : 
Sinter (Sp)] = [(r(p)Ag/Pj3Ap] (4.11) 
where Pg is the beam momentum and A^ and A^ , are the mass 
numbers of beam and fragment nuclei, respectively. 
Thus a study of the distribution of projected angles 
of different fragments may be used to estimate cr^(p) using 
the above equation. A comparison of the values of CT^(p) 
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using the Eq. 4.10 with those obtained using experimental 
results can verify the validity of the assumptions involved 
in the theoretical formulations and their implications. 
Feshbach and Huang (31) assuming sudden emission of 
virtual clusters have related the momentum widths, cT (p), 
to the Fermi momentum, P^, of the projectile. A 
formulation due to Goldhaber (19,32) gave the following 
relation between CT'(p) and P^ 
(r2(p) = (p2/5)[Ap(Ag-Ap)/(A3-l)]. (4.12) 
By assuming that after excitation the beam nucleus comes to 
thermal equilibrium at temperature T-, Goldhaber (19,32) has 
shown that 
kT = ((r^(p)Ag)/[m^Ap(Ag-Aj,)], (4.13) 
where k is Boltzmann's constant. Thus the estimated values 
of (T (p) reflect the excitation energies. 
Figs. 4.19 and 4.20 show the projected angular 
distributions of multiply charged fragments produced in 
9 R 19 
fragmentation of Si and C nuclei. Furthermore, to see 
any target dependence these distributions for fragments 
with Z=2 and 3 produced in interactions with different 
target ensembles have been plotted in Figs. 4.21 and 4.22. 
A Gaussian curve of the form: 
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e p 
Fig. 4.28: Projected angular distributions of 
multiply charged projectile fragments 
resulted in silicon-nucleus collisions 
with Gaussian curves fitted in the 
region 6 s<2° . 
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Fig. 4.23; Op-distributions of fragments with 
Z=2,3,4 and 5 emitted in ^^C-Em 
interactions with curves discussed 
in Fig. 4.19. 
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Fig. 4.21: dp-distributions of Z=2 or He-fragments 
in different target groups for both 
the data. 
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Fig. 4.22: Projected angular distributions of Z=3 
or Li-fragments for various target 
ensembles of present data. 
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1 ® P(e- ) = -p= Exp{ 1 ) , (4.14) 
has been fitted to each of these distributions for 
and the value of CTCdp) for each ensemble calculated. One 
may notice that all these angular plots arc dominated by 
narrow forv/ard peaks having characteristic widths <1°. 
There are some fragments scattered at larger angles than 
expected from the pure projectile fragmentation process. 
The values of (5^  (p) and Cf^  ( & ) calculated using Eq. 4.10 P 
and then Eq. 4.11 have been listed in Table 4.8. Also the 
experimental values C5" ( G^) obtained from the fit to data 
have been given there. From the data of Lindstrom et 
al (8) on the isotopic production cross-section, Heckman et 
al (4) have estimated the production ratio in nuclear 
emulsion for helium isotopes as '^ He: ^ He=l: 0.31. The two 
isotopes of Z=2 fragments were assigned these weights while 
calculating the values of CTCp) and CT'CS^), listed in Table 
4.8. 
Table 4.8 also includes results reported by others (9, 
14,16-18) for comparison. From the study of the table, it 
may be inferred that the projected angular distributions of 
multiply charged fragments are well described by the single 
Gaussian function, and that the values of CT' ( &p) for 
collisions with H and CNO group of nuclci, within 
statistical errors, are comparable to those estimated by 
206 
m <u O c aj i-i QJ IW Q) DS 
X M O ? 
4J C 0) in a> M CM 
M o 
•P c 0) U) Q) M 
W 4J e OJ 
10 M tn 
M-l O 
0) Cn M (d XI u 
r o 
I tsi 
I lO I ISl 
in I isi 
vn 0 
1 o m w 
o + 1 in 
rH • o o .-I 
CM — tM U3 • tn o ^  ro w 
iTi CO CM o O o o O 
• * .— • • ,—. • , — o o rH o o rxj rH o cr, + 1 + 1 • o + 1+1 • m + 1 + 1 o in o H m to o rH O CM CM CM ro CM 0~J 
• • • • • rH o o o o o 
M' Vf VI' in O o o o O 
• • CM ^ • • m • ^ o o CM o o ro CN o in + 1 + 1 • n + 1+1 • in + 1 + 1 CO t^  O rH ro ro o fH CO o CN CM —' in - — ro in 
• * • * • rH o o o o o 
(N o 
• CTl O O 00 + 1 • in ro O rH CM O 
M o 
• o rH CO +1 . ON vr O H CM 
o 
o 
• — o r-j o + 1 • crv o O rH 
o 
ro o 
• cn o CM CTv + 1 • r^  CM O rH 
— O 
I 
UD in CI CM CM vo in rH CM CN ro rH o o o o O O o o o O O O O 
• • • • rH ,— • t rH .—, • • ,—s » ^ ^ • * • • in o o o o ro O o CO o o CO O CM o o o o CO CO +I+I+I+I •y + 1 +1 • Tl* + 1+1 • in + 1+1 +I+I+In • UD CM liD 03 CO o rH CO o rH m rH o rH r^  CM ON O rH •=!• O rH ro ro m ro CO ro in r^  •—- in ro in >— 
• • • • • • • » • r-| • • • • o o o o o P o o o — o o o o 
I 
IS) 
CM CM ro fH ro CM CO CM ro ro rH rH ID ro ro ID ij O O O O O O O o o O O o o o o o o • • • • ID ,—. * • • • ID ,—, • * ro • .—^  • rH ,—, > • • • KD ^ • CTi •—• . ^ o o o o CO o o o o ro o o o •a- O rH o in o o o o f m o t^  ro o r- 00 +I+I+I+I ro +I+I+I+I • ro + 1+1 • ro + 1 + 1 + 1 • ro + I+I+I+I • ro + 1 • rocr» o UD o H rM rH CM -T o rH 00 rH o rH ro in lO o rH rH -a* CM ro O rH a\ o rH cn o rH ro in in in u) in 1.0 r^  t^  ro in vD in —' 00 "—' o " • rH o o o o o c> o o o o o — o o o o o o rH 
(U m c w 
M O m 3 C 53 O C W I I I I u u u u rsl CN (M (N) r-l M rH 
>1 M Od) •C C-1 
u o m z tr e n: u < M I I I I U U U (J <N (N INJ CM 
rM ^ 
>1 
o 4) x: 
EH 
" G ug 
I I 
•d m 1 (U ai >1 -P tr < >1 M OJ ns 1 0 Cn M (U 0 a) M 0) ^  0) x: (d > rs) x: (ri EH CM TH 
n O PQ 3 0^  e 33 O C W I I I I 
•H -H -H -H in 10 U) 1/1 CO CO CO (» CN CM CM CM 
>1 
o a) 
>1 >i 
>H u 
o 0 O 0 
II cu 11 cu x: x; XI XI 
EH 
G m 0) ca 
> 01 o 
u \ > dj u u (N c H m 
> OJ O 
u 0 O <M \ rH > > > 0) 01 (U •a u 0) cj •r| o c s 10 CB < CNj CO < rH CM rH CM in o • • ID IM 'a' rH •—' •—-
o "a' 
> (U 0) liM O 
X ) rt CM 2 
207 
theory of T.Gporo and Riddoll (30). Hov;cvcr, for co.l 1 is Ions 
with AgBr group of nuclei the experimental values of CT'( ) 
is higher than the calculated values for both the 
projectiles. The characteristic width of distribution of 
heavy fragments seems to be smaller in comparison to 
He-fragments. The values of CT^  ( for the fragments 
produced in the interactions of different beam nuclei in 
emulsion at ^ 4.5A GeV/c seem to be almost equal but less 
than those reported at'-'2.lA GeV. 
From the above comparisons of CT' ( with the 
calculated values based on Lepore and Riddell's (30) work 
we may conclude that complete limiting fragmentation is not 
observed in emulsion work since <5^(6^) for collisions with 
heavy nuclei are more than the calculated values. It may 
be pointed out here that Bhanja et al (14) have also 
reached at similar conclusions by the analysis of 
14 
fragmentation of N at 2.lA GeV where they have found that 
limiting fragmentation hypothesis holds good for peripheral 
collision processes and deviations occur when events 
are also included. It may be remarked that the Nj^ >8 events 
are produced in collisions with AgBr nuclei only and will 
be dominantly central. The above observation is consistent 
with our observation on the factorization of projectile 
fragmentation cross-section. 
The values of Cf (p) calculated using the experimental 
value of CT ( 0p) and Eq. 4.11 for Z=2 fragments have been 
208 
given in Table 4.9. Also the values of CT (p) calculated 
from Eq. 4.10 for Z=2 fragments given in the same table. 
The values of P^ and kT calculated, using Eqs. 4.12, 
4.13 and the values cr'(p) obtained from the experimental 
results, have also been listed in the table. 
The values of P^ obtained by interpolating the results 
of Moniz et al (33) alongwith the average binding energy 
per nucleon as determined by mass measurements of the 
projectiles are also listed in Table 4.9. VJe notice that 
the values of the Fermi momentum obtained in these 
experiments for different projectiles are comparable with 
the respective values of P^ obtained in quasi-elastic 
electron scattering measurements (33). Also the excitation 
energy kT and average binding energy per nucleon are almost 
same which permits only small fraction of energy transfer 
between the target and fragment during the fragmentation 
process. These results also justify the validity of the 
assumptions made in the theoretical formulation of the 
problem. 
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4B ANOMALOUS 
4B.1 Introduction 
It has been argued by many workers on the basis of the 
experimental observations that over first few centimeters 
after emerging from nuclear interactions, the projectile 
fragments (PFs) of relativistic heavy nuclei exhibit an 
anomalously short mean free path (MFP). Projectile 
fragments exhibiting this effect were called anomalons. 
The first evidence of existence of anomalon was obtained by 
Milone (34) and later on confirmed by other investigators 
(35). However, due to limited statistics and uncertainties 
associated with the charge and energy of relativistic heavy 
cosmic-ray nuclei, these results could not receive much 
attention until the beams of relativistic heavy nuclei at 
Berkeley and Dubna became available. In early seventies, 
Judek (36) confirmed her earlier results on anomalons by 
exposing an emulsion stack to a beam of ^^0 at 1.8A GeV. 
In early eighties, Friedlander et al (37) performed an 
extensive investigation from and ^^Fe collisions at 
2. OA GeV and reported that about 6% of PFs are anomalons 
with an anomalous MFP of only 2.5 cm. Since then a large 
number of different experiments using emulsion, CR-39 solid 
state track detector and bubble chamber have also yielded 
positive results (38-48). However, several experiments 
V using emulsion (49-56), Cerenkov detector (57-59) and 
211 
plastic detector (60,61) have given a negative result. 
This short mean free path of secondary fragments could not 
be explained within the panorama of conventional nuclear 
and particle physics (62-64) and some highly exotic models 
explaining the phenomenon in terms of colour polarization 
of quarks (65) have been suggested. Thus, from an 
experimental point of view, one has to consider the 
question of anomalons as being open. Consequently, it is 
important to investigate this problem using as many 
different data on nucleus-nucleus collisions as possible. 
We have, therefore, also carried out some analysis of 
our data on fragments on these lines and present the 
results here. 
4B.2 Mean free paths of beam nuclei and. PFs 
In present experiment, the mean free paths of silicon 
and carbon beam nuclei in emulsion are obtained, 
respectively to be 13.78+0.27 and 9 .63+0.24 cm. It has 
already been pointed out in section 3A.2 that these values 
are in agreement with the corresponding theoretical values 
28 12 
13.87 and 9.77 cm for Si and C beam nuclei for average 
emulsion target, calculated by using the Bradt-Peters 
relation (66). The MFPs of the beam nuclei have been 
studied in terms of their charge using the following 
relation: 
\ = X°Z • (4.15) 
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Here X° is charge-independent mean free path. In Fig. 4.23 
the experimental values of MFP have been plotted as a 
function of charge Z of the beam nuclei for interaction in 
emulsion. Besides the present work, the data points for 
other projectiles have also been included from the results 
reported (4,23,28,47,53,54,67,68) in literature. The best 
fit to the data points yields the following expression: 
= (28.00±1.04)Z-^0-'^0±°-°2) . (4.16) 
These values of and f may be compared with the 
corresponding values (28.1+0.8) and (0.39+0.01) of Mangotra 
et al (69), (25.1+1.7) and (0.34+0.03) of Barber et al (39) 
(30.4+1.6) and (0.44+0.02) of Friedlander et al (37), 24.4 
and 0.34 of Beri et al (52) and (32.4+1.7) and (0.42+0.02) 
of Jain and Das (38). 
In the same figure, the variation of MFPs of multiply 
2 8 
charged PFs with their charge resulting from Si-Em and 
12 
C-Em interactions have been given for comparison. Here 
of particular fragment has been calculated simply by 
dividing the total track length followed by the number of 
secondary interactions. No parameter is involved in the 
estimation of X^- The result on PFs can be represented by 
the expression: 
Xg = (29.35+1.05)Z (0-42+0.02)^ (4.17) 
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Prlmary Beams 
20 30 40 
Fig. 4.23; Experimental values (for references, see 
text) of mean free path of various primary 
beams as well as secondary projectile fragments 
of 28si and 12c beam nuclei plotted as a 
function of charge Z. The linesp represent 
the best fits of the type; 
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From Fig. 4.23 and Eqs. 4.16 and 4.17, we may conclude that 
the dependence of MFPs of beam and fragment nuclei are 
almost same. 
4B.3 Mean free paths of Z=2 fragments 
The mean interaction legnths (MFPs) for the fragments 
of charge Z=2 have been calculated as a function of 
distance D from the interaction vertex. The tracks were 
subdivided into successive 1 cm intervals. All the track 
segments lying within the same interval were added together 
and divided by the total number of secondary interactions 
observed in that interval. 
The values of MFPs of Z=2 or He-fragments emitted in 
silicon-emulsion and carbon-emulsion interactions in 
different segments of the same length from the interaction 
vertex are depicted in Fig. 4.24. The broken lines 
represent the average over all the segments. No evidence 
of anomalously short mean free path for Z=2 fragments is 
found. 
Numerous attempts (38,47,52,55,56,70) have been made 
to investigate the dependence of mean interaction length on 
the emission angle of the fragment • as well as on 
multiplicity of heavy tracks, N^, in an event. A similar 
12 
analysis of C-Em interaction is made (Figs. 4.25 and 4.26). 
The summary of the result is presented in Table 4.10 where 
the mean free paths at two different distances, viz. cm 
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e o 
Fig. 4.24: Mean free paths vs. distance from 
the production point for ' Z=2 
fragments for all events of silicon 
and carbon data. The dashed lines 
represent the average values. 
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Fig. 4.25: MFPs vs. distance from interaction 
vertex for Z=2 fragments emitted in 
different intervals of Q^  for carbon 
data. The dashed lines correspond to 
average mean free paths. 
217 
e u 
Fig. 4.26: X(cm) vs. D(cm) plots in different 
Nj^-interva 
Fig. 4.25. 
ls for same data as in 
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Table 4.10: Mean free paths at different distances from 
the production point for various categories 
of Z=2 fragments. 
Beam Categories 
A (cm) 
cm D>3 cm 
Silicon 21.15+1.03 20.29+0.80 
Carbon Nh^O 
N, >1 h 
6<:2< 
e>2' 
20.37+0.54 
19.33+0.90 
20.92+0.67 
21.64+0.93 
20 .12+0.68 
19.78+0.49 
19.80+0.86 
19.77+0.61 
20.43+0.81 
20.19+0.65 
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and D>3 cm from the production point for various categories 
of Z=2 fragments are given. V?e do not find any significant 
change in the values of MFPs in either case which could be 
associated to anomalons. The experimental values of the 
MFPs averaged over all distances for Z = 2 or He-fragments 
are (19.96+0.55) and (20.15+0.34) cm respectively in 
^^Si-Em and ^^C-Em at 4. 5A GeV/c. It is interesting to 
point out that these values are comparable with (19.9+0.6) 
cm, as reported by El-Nadi et al (71) for alpha-particle 
beam at same per particle momentum. 
4B.4 Mean free paths of Z=3 fragments 
The values of mean interaction length of Z=3 
projectile fragments of both the beam nuclei at different 
distances from interaction point have been given in Fig. 
4.27. In Figs. 4.28 and 4.29 the dependence of MFPs of the 
2 8 
fragments with Z=3 emitted from Si-Em interaction on N^ 
as well as on & have been studied. It may be seen in 
these figures that the values of MFPs are distributed 20 
cm which corresponds to the interaction path length 
averaged over all segments of same length. A summary of 
the results on MFP of Z=3 fragments is also given in Table 
4.11. The.results do not present any evidence in favour of 
occurrence of Z=3 anomalous fragments. 
Judek (70) has observed a dependence of the MFP on 
angle of emission for Z=1 fragments whereas we do not 
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G u 
Fig. 4.27: Mean free paths plotted as function 
of distance from origin of vertex 
for. Z=3 fragments for all 
interactions of silicon and carbon 
data. Average behaviour is shown by 
broken lines. 
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e o 
Fig. 4.28: ^{•cm) vs. D{cm) plots for Z=3 
fragments emitted in different 
0-intervals for silicon data. The 
lines are similar to those in earlier 
figures. 
222 
6 u 
Fig. 4.25: Variations of X(cm) with D(cra) in 
different N -intervals for same data 
as in Fig. 4.28. 
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Table 4.11: MFPs at different distances from the 
interaction vertex for different categories 
of Z=3 fragments. 
Beam Categories 
X(cm) 
cm D>3 cm 
Carbon Nh^O 21.89+1.41 19.39+1.10 
Silicon 
N, >1 h 
e < 2 ° 
e>2' 
20.46+0.53 
20.13+1.03 
20.57+0.61 
20.22+0.62 
19.24+0.91 
19.78+0.41 
18.89+0.79 
20.09+0.49 
19.35+0.48 
19.69+0.78 
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observe angle dependence for both Z=2 and 3 fragments. 
Khan et al (56) have obtained an evidence for anomalously 
shorter MFP for fragments emitted from peripheral 
collision (N, ^ 1) events and others (38,47) have also h^ 
reported an N^-dependence of mean interaction lengths for 
various projectile fragments. Whereas, in our case no 
N^-dependence is observed v;hich agrees with the results 
reported by Beri et al (52) for Z=2 and 3$Z$18 fragments 
and Ahmad et al (55) for Z=2 fragments. 
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CHATPER - V 
SUMMARY 
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V SUMMARY 
In chapter I of the thesis the aim of the present 
experiment and its relevance has been discussed. It is 
stated there that the accumulation of various types of 
experimental data on heavy ion collisions is of great 
importance because even if any direct signal of QGP is not 
seen in these studies, these results may still provide the 
necessary background above which the signals from the 
plasma can be searched. In the present work, we have 
therefore investigated the various characteristics of the 
28 12 
interactions of the beams of Si and C nuclei with the 
nuclei of nuclear emulsion. More attention has been paid 
on the fragmentation behaviour of the projectiles. Two 
stacks of BR-2 emulsion exposed to 4. 5A GeV/c carbon and 
silicon beams have been utilized. To see any projectile 
dependence, the data due to interactions of several other 
projectiles having almost same per particle momenta have 
also been analysed. 
A discussion on the experimental technique is given in 
chapter II-A. This includes an introduction to the nuclear 
emulsion its composition, details of the stacks used, 
scanning procedures, selection criteria of useful events, 
classification of tracks and events and the methods of 
various measurements employed in the present experiment. 
Second part of the chapter II is devoted to the main 
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order to explain different experimental results on the 
multiparticle production in high energy heavy ion 
collisions. 
In chapter III, experimental results on mean 
interaction lengths, cross-sections, multiplicity and 
angular characteristics of produced particles have been 
discussed. We have estimated the mean free paths, 
9 p 
^=(9.63+0.24) and (13.78+0.27) cm respectively for Si and 
12 . . 
C beam nuclei in emulsion, which are in agreement with 
the corresponding theoretical values of 9.77 and 13.87 cm 
calculated by using the formula of Bradt-Peters. It is 2/3 observed that l/7s varies linearly with A , A being mass B B 
of beam nuclei. The experimental values of reaction 
cross-sections or the percentage of occurrence of 
interactions with different targets, i.e. H, CNO and AgBr 
nuclei have been calculated and are found to depend 
slightly on the mass of projectiles. The values compare 
well with the corresponding calculated values on the basis 
of simple geometrical considerations. The observed shower 
tracks in nucleus-nucleus interactions consist of created 
relativistic charged secondaries and singly charged 
projectile fragments. Thus, for calculating mean 
multiplicity of produced relativistic charged secondaries 
i'®' / account must be taken of Z=1 fragments among 
the observed showers. Since it is not easy to identify the 
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singly charged projectile fragments, we have used a method 
given by Chernov et al to estimate the average contribution 
of Z=1 fragments. We have also calculated the average 
multiplicities of heavily ionizing viz. black and grey 
tracks by assigning proper weights to these tracks for, if 
any, possible loss due to their very large dips in nuclear 
emulsion. It is observed that whereas the dependence of 
<N > as well as <N > on projectile is strong, that of <N, > ^ S JD 
is not so appreciable. The dependence of as well as 
<N > on projectile mass, A„, have been found to be of the s a Y form with the values of Y equal to 0.26 + 0.03 and rJ — 
0.57+0.05 for grey and shower tracks respectively. The 
increase in the mean multiplicities of grey and black 
tracks may be understood in terms of the participant-
spectator picture of the collision where with the increase 
of A_ the participating volume of the beam nuclei increases 
B I 
and therefore more grey and shower particles are expected 
to appear. Furthermore, we have studied the multiplicity 
distribution of shower, grey, black and heavy " tracks 
produced in silicon-emulsion, carbon-emulsion, alpha-
emulsion and proton-emulsion collisions at same momentum 
per nucleon. It is observed that the peaks in the 
distributions of shower particles shorten and translate to 
higher values of multiplicity with increasing mass of the 
projectile. The multiplicity distributions of grey, black 
and heavy tracks are almost similar. However, the 
percentage of events with lower values of N , N^ or N^ g b h 
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decreases with increasing projectile mass or convorscly the 
percentage of interactions with large values of these 
quantities increases with the increase in projectile mass. 
These findings are confirmed by studying the difference 
distribnutions of nucleus-nucleus interactions with respect 
to corresponding distributions of proton-nucleus 
interactions at same momentum per particle. Some kind of 
scaling behaviour is observed in case of N^-distribution 
where we have observed that plots of InN^^ vs. Ng/<]Slg> may 
be fitted by linear relation of the form lnN^^=A(N^/<Ng>)+B 
with nearly same values of A for proton, carbon and silicon 
beams. However, the values of the intercept B slightly 
differ in the three cases. Besides grey, black and charged 
showers, PFs are also emitted during the fragmentation of 
beam nuclei. The study of the fragments of the projectile 
have been made in chapter IV, however, the frequency 
distributions of PFs have been given in chapter III which 
exhibit peaks at smaller charge values, 
A systematic study of multiplicity correlations of the 
type <N.(N.)>, where IS1.,N.=N and N^ with i^j, have X "J 
also been made. The findings of these studies have been 
compared with the results of proton-nucleus interactions at 
equivalent incident momenta. In general, these plots could 
be reproduced by linear fits with some saturation effects 
more specifically for <Ng> vs. Nj^  or vs. N^ plots 
beyond N^ ^ (or N^) 10 for all the cases. Positive 
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correlations are observed for all the cases in nucleus-
nucleus as well as proton-nucleus collisions except for 
<1SI (N.)> or <N.(N )> correlations in proton-nucleus s j i s 
reactions where one observes negative slopes. The observed 
similarities in the trends of both nucleus-nucleus and 
proton-nucleus data suggest that these correlations do not 
depend on mass of projectiles and that the dynamics of the 
nucleus-nucleus and proton-nucleus collisions is similar. 
A linear dependence of mean multiplicities of various 
particles on the effective number of nucleons of the beam 
nuclei participating in the collision, "iJ^  f is observed 
which indicates that the nucleus-nucleus collisions at 
these energies may be visualized as multiple nucleon-
nucleon collision. Thus, for example the average number of 
created shower particles per interacting beam nucleons o Q 
respectively are 1.08+0.02 and 1.05+0.03 for Si-Em and 
12 
C-Em interactions which are comparable to corresponding 
value 0.96+0.03 in the case of P-Em interaction. 
The angular distributions of target fragments, i.e. 
grey and black particles are almost independent of mass of 
the beam nuclei and no bump structure is seen which could 
be associated to nuclear shock waves. The angular 
distributions of relativistic charged shower particles show 
prominent peaks at very small angles which is attributed to 
the contribution of singly charged projectile fragments. 
The front (e<90°) to back (&>90°) ratios for these plots 
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have been calculated and a strong projectile mass 
dependence in the case of shov;er particles is observed. The 
dependence of F/B on projectile mass for grey and black 
tracks is not so appreciable. Furthermore, we have 
investigated various characteristics of Y^-distribution and 
its dependence on the projectile mass, target size and 
shower particle multiplicity. Such studies endeavour us to 
divide -spectrum into three different regions, viz. 
target fragmentation, projectile fragmentation and central 
regions. The particle production takes place mostly in the 
central region which is free from either fragmentation 
regions. Any change in the distribution due to target or 
beam size appears respectively in the target fragmentation 
region (small ^^-values) or in the projectile fragmentation 
region (large values of ^ )• From the -spectra for 
different N^-bins one may notice that at large as well as 
small -values, the distributions remain almost unchanged 
whereas the central region of the distributions are 
enriched with particles. This enabled us to locate 
experimentally, the central regions to lie between y^-4.5 
2 8 ^ ^ and 1.5 giving rise to a width of 3 units for Si-Em 
interactions and "0-3.2 and 1.2 yielding a width of 2 units 
12 
for C-Em events. It has also been pointed out that with 
the increase in N -multiplicity the degree of centrality of 
the collision also seems to increase. A detailed 
investigation of rapidity distributions based on 
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fragmentation characteristics has been made. The effective 
number of interacting (or spectator) nucleons of beams or 
target nuclei is regarded as one of the important 
parameters of collision geometry which determines the 
extent to which the collision is central or peripheral. In 
view of the above, the Y^-distributions of the central 
events and all the events for both the data have been 
plotted. The distributions are similar, however, the over 
all production of particles is more in the ccntral events. 
A comparative study of angular distributions from central 
and peripheral events shows that in peripheral collisions 
the projectile and target nuclei fragment independently. 
From the study of the variation of particle density with 
effective target ("Up) and effective beam ("i^ g) thicknesses, 
it is observed that particle density decreases in very 
forward region of rapidity space while it increases in the 
target fragmentation region with increasing 33g(or 
These findings agree with results of hadron-nucleus 
interactions and also confirms our earlier result that the 
nucleus-nucleus collision may be regarded as superposition 
of nucleon-nucleon collisions. The possibilities of 
formation of final state charged secondaries through 
clusters have been investigated by using a method given by 
Bell et al. This method has merits over the methods of 
two-particle correlation functions and rapidity-gap 
distributions and is applied for the first time to heavy 
ion data. Small but significant departure from 
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zero-correlation is observed. 
Many features of projectile fragments, e.g. mean 
multiplicities, multiplicity distribution, angular 
distribution, effective number of interacting and 
non-interacting beam nucleons, production of He-fragments 
in different channels, their Nj^-dependence, anomalons, etc. 
have been explored in chapter IV. The data on the mean 
multiplicities of PFs emitted due to fragmentation of 
silicon and carbon beam nuclei in nuclear emulsion show 
that <N„> decreases with the increase in the value of Z. A 
mild target dependence is also noticed. The projectile 
mass dependence of has reasonably been described by 
expression, <N2,>=Const.Ag for fragments having Z=l, 2 and 
^3. The values of pC came out to be (0.70+0.09), 
(0.51+0.22) and (1.18+0.36) respectively for fragments 
having charges equal to 1,2 and ^3. The multiplicity 
distributions of fragments with Z=l-5 for both silicon and 
carbon beams are almost similar, however, the percentage of 
events with lower values of N^ . decreases with increasing 
projectile mass and the distributions due to heavy beam 
nuclei are extended upto larger values of N . The target 
dependence of the multiplicity distributions of various 
projectile fragments have also been investigated. These 
distributions have clear peaks at N^,^ 0 and relatively more 
fragments result in peripheral events. The variation of 
the average multiplicities of fragments for all charges 
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with Nj^ / •which is assumed to be a measure of target 
excitation and also a characteristic of impact parameter, 
have been studied and it is found that the average 
multiplicities decrease with increasing values of N^. 
Large values of at N^ ^ 0 is due to the extreme 
peripheral collisions. It may be pointed out here that 
<N2> vs. N^ plots for singly charged fragments are spread 
upto whereas emission of multiply charged fragments 
ceases with the increase in the values of Nj^ , i.e. in the 
central events. The average emission angles of multiply 
charged fragments are nearly independent of N^. On the 
basis of the number of He-fragments emitted, various 
channels of emission have been defined. It has been found 
that except for the IxHe+F^^^ channel, all channels are 
dominent in extreme peripheral collisions. These findings 
are in accordance with the reported results. 
We have estimated the beam spectator charge Q, by 
using expression Q = ^ Z^, where Z^ is the charge of a 
projectile fragment of fth kind in an event, for all events 
28 12 
of Si- and C-interactions. Consequently, we have 
succeeded to estimat the effective number of projectile 
nucleons, (=A„-(A_/Z^ )Q, where and Z„ are mass and JtJ ts Jd D B B Charge of beam nuclei), interacting with the target by 
utilizing the value of Q in an event. The values of for B 
different ensembles have been tabulated for both the 
projectiles alongwith other reported results. For all the 
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projectiles, an increase in the values of with 
icreasing target as well as beam mass is observed. 
However, the percentage of interacting beam nucleons in 
emulsion remains 50% of A_. The ratio of the effective D 
nucleon numbers of different beam nuclei for a fixed target 
show compatibility with the corresponding values of 
for two different beams Bl and B2 in almost all the cases 
except for H-targets where the value is slightly high. The 
variation of with N, for both the projectiles shows a 
JD N 
linear trend with positive slopes. It is interesting to 
mention that a maximum of 90% of the beam nucleons 
participates in the most central collisions. The 
participant-spectator model, which assumes a strict 
separation of participants and spectators and clean 
geometry, underestimates the values of the effective number 
of participant protons from the beam nucleus with respect 
to the experimental values. The relative yields of beam 
spectator charge, Q, for both the projectiles alongwith the 
Nj^-distribution of P-Em data which represents the 
corresponding quantity for target, at same per particle 
momenta of the beam have been plotted. Except for lower 
values of Q, the relative occurrence of Q is nearly the 
same for both the projectiles. Also these distributions 
are similar to N^-distribution indicating hereby that the 
fragmentation process of target or beam nuclei may be 
regarded as same. 
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Projected angular distributions of multiply charged 
PFs emitted during the nuclear interactions have thoroughly 
been investigated. It is noticed that these distributions 
may be reproduced by Gaussian distributions dominated by 
narrow forward peaks having characteristic widths <1°. 
There are also some fragments scattered at larger angles 
than expected from the pure projectile fragmentation 
process. The findings of present work have been compared 
with the formulation of Lepore and Riddcll. Additionally, 
the Fermi momentum, P^ of beam nucleons and the nuclear 
temperature, kT have been estimated by using the 
formulation due to Goldhaber. We notice that the values of 
the Fermi momentum obtained in these experiments for 
different projectiles are quite comparable with the 
respective values of P^ ^ obtained in quasi-elastic electron 
scattering measurements. Also the excitation energy, kT 
and average binding energy per nucleon are almost same 
which suggest that the projectile nucleus during peripheral 
collision transfers only very small fraction of its energy 
to the target. 
In part B of chapter IV, problem of anomalons has been 
addressed. Firstly, we have reviev^ed the current status of 
the problem in the light of existing results and reached at 
the conclusion that it is still an open question to the 
experimental physicists. Secondly, we have investigated 
mean free paths (MFPs) of beam nuclei and PFs in detail. A 
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parameterization of the form, is found adequate 
for both primary beams as well as projectile fragments. 
The values of the parameters X°(charge independent MFP) and 
J^  agree with various reported results. The mean 
interaction lengths (MFPs) for Z=2 and 3 fragments have 
been calculated as a function of distance from the 
interaction vertex and their dependence on Nj^  as well as on 
emission angle have been studied. The results, however, 
negate the existence of anomalous fragments. 
We may therefore conclude that at the energies 
considered here the various features of the experimental 
results are well described in terms of the participant-
spectator picture of the collision. No collective flow or 
interaction is seen. The data on multiparticle production 
is consistent with treating the nucleus-nucleus collision 
as superposition of nucleon-nucleon collisions. The 
fragmentation cross-sections of projectiles show 
facterization behaviour in a limited way only for the case 
of peripheral collisions. 
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